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Over the current year studies of the 3:0 type composite have evolved a new

structure for a much more effective stress transforming composite. The device uses

cavities in the electrode structure which are simple, inexpensive and robust. The

sensitivity is higher than that of the end capped cylinder for equivalent PZT volume

and we believe this will be a most important development for towed array

hydrophones.

For agile transducer structures, the very high piezoelectric coefficients

induced by DC bias in the lead magnesium niobate:lead titanate electrostrictors have

been confirmed using both resonance and ultra-dilatometer methods. In parallel

studies of aging in these systems a rather complete understanding of the aging

process has been obtained and methods for fabricating PMN:PT systems with no

aging developed, an essential need for the agile transducer.

The phenomenology of the PZT system has been completed and published and

the equations are now being applied to studies of the properties of PZT compositions

at the lead titanate end of the system. We expect that the phenomenology will be

particularly valuable for the future evaluation of thin film PZTs where the

breakdown field are such that ES.Ps is a large penurbation to the total energy.

In high strain actuators for surface modification and flow control

antiferroelectric:ferroelectric systems have been explored which yield strains up to

0.85%. Effort is now being dedicated to understanding and eliminating fatigue effects

in these charge switching systems.

In the associated program a detailed modeling of the 1:3 type PZT:polymer

composite has now been completed.
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ABSTRACT

This report documents work carried out in the Materials Research Laboratory
of the Pennsylvania State University over the first year of a new three year Grant
No. N00014-89-J-1689 on "Piezoelectric and Electrostrictive Materials for Transducer

Applications". The program in MRL has been supplemented by an associated
program in the Center for Engineering of Electronic and Acoustic Materials under

V.V. and V.J. Varadan.

Over the current year studies of the 3:0 type composite have evolved a new
structure for a much more effective stress transforming composite. The device uses
cavities in the electrode structure which are simple, inexpensive and robust. The
sensitivity is higher than that of the end capped cylinder for equivalent PZT volume
and we believe this will be a most important development for towed array

hydrophones.

For agile transducer structures, the very high piezoelectric coefficients
induced by DC bias in the lead magnesium niobate:lead titanate electrostrictors have
been confirmed using both resonance and ultra-dilatometer methods. In parallel
studies of aging in these systems a rather complete understanding of the aging
process has been obtained and methods for fabricating PMN:PT systems with no

aging developed, an essential need for the agile transducer.

The phenomenology of the PZT system has been completed and published and
the equations are now being applied to studies of the properties of PZT compositions

at the lead titanate end of the system. We expect that the phenomenology will be
particularly valuable for the future evaluation of thin film PZTs where the
breakdown field are such that EB.Ps is a large perturbation to the total energy.

In high strain actuators for surface modification and flow control
antiferroelectric:ferroelectric systems have been explored which yield strains up to
0.85%. Effort is now being dedicated to understanding and eliminating fatigue effects
in these charge switching systems.

In the associated program a detailed modeling of the 1:3 type PZT:polymer
composite has now been completed.a

I



1. INTRODUCTION

This report documents work carried out in the Materials Research Laboratory

of the Pennsylvania State University over the first year of a new three-year Grant

No. N00014-89-J-1689 on "Piezoelectric and Electrostrictive Materials For Transducer

Applications." The topics under study build on and expand the very extensive studies

carried out under ONR support in earlier years.

For reporting purposes the activities are grouped under four major headings:

Piezoelectric Composites

Electrostrictive Materials

Phenomenological Studies

Conventional Piezoceramics.

To aid in all the low frequency stusies, new instrumentation has been

introduced and will be discussed in the composites section. The electrostrictive

materials have been studied extensively for their aging behavior and now that aging

is under control, agile transducers based on electrostrictors in which the

piezoelectric effect can be switched on and off and controlled in both amplitude and

phase are under study. Drawing upon the more conventional piezoelectrics work for

both sensors and actuators the work on smart materials has been continued and

expanded.

For the current year, the program in MRL has been reinforced by an

associated funding to V.V. and V.J. Varadan in the Center for Engineering of

Electronic and Acoustic Materials (CEEAM) in the College of Engineering. The topic
of study has been a very detailed evaluation of the 1:3 type composites developed at an

earlier time on the MRL program.

Following earlier precedent, the report will summarize briefly the highlights

of activity over the year and will be backed up by an extensive set of appendices

which are the papers published during the current year.

2. COMPOSITE TRANSDUCERS

2.1 Stress Re-distributing Systems.

One of the most exciting development on the program this last year has been

the re-design of the crescent cavity transducers into a form which is exceedingly

easy to construct, inexpensive and robust, but with exceedingly high sensitivity. We

believe that this development could provide a "drop in" replacement for the end



capped cylinder hydrophone which could be much more robust, less expensive, and

of higher sensitivity.

In earlier studies we had demonstrated the advantage of a narrow crescent

shaped cavity in a ceramic PZT disc which acts to re-distribute stress and cancel out
the disadvantageous T1 , T2 components (fig. 1) under hydrostatic pressure.

Over the current year we have realized two major advantages.

(1) The narrow cavity has been transferred from the ceramic unit into a rigid

electrode (fig. 2).

(2) The electrode is soldered to a fully silvered disk at high temperature so that

thermal contraction puts the disc under strong biaxial compression (fig. 2 ).

Advantages for the present construction are:

* The shallow cavities (100 gi deep) are simple and inexpensive to machine in

the metal electrode.
* Because of the built in compressive stress the finished transducer is

exceedingly robust and will stand shock pressures which completely close the cavity.
* The sensitivity is higher than that of the end capped cylinder for an

equivalent volume of PZT (i.e., the device exploits both d3 3 and d3 ).
* The sensitivity is independent of pressure up to greater than 1,000 psi, with a

wide flat frequency response and no spurious resonances.
* Self capacitance is very high so that the hydrophone can drive long cables.

* The construction is simple, inexpensive, robust, and likely to have very high

reliability.
* The shape is compact and ideal for the segments in a towed array.

Typical sensitivity data are shown in fig. 3, which compares dhg h to that of

other proposed composites (note the break in scale). The stability against pressure
change in both dh and gh coefficients is delineated in fig. 4 and the smooth approach

to high frequency resonance without spurious lower frequency modes is

demonstrated in fig. 5.

In summary, we believe the electrode cavity type 3:0 composite makes a step
function advance in the state-of-the-art for a simple robust, inexpensive versatile

hydrophone.

2.2 General Contributions.

Two invited papers by Newnham (Appendix 1) and Cross (Appendix 2)

encapsulate much of the thinking behind the approaches being explored in these

ONR studies. The clear conscious linking of structure and properties in these mostly

3
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perovskite systems, and the specific design of composite systems to improve material

performance and to vanish the transducer into the material for large area sensor

application. It is these modes of thinking which gave rise to the consideration of

non-linear behavior in the electrostrictors to make agile transducers and the

combination of sensor and respcnder with active electronics in a single composite to

make smart ceramics (Appendix 3).

2.3 Instrumentation.

To explore the dispersive properties of the composites it has been necessary to

evolve new AC ultradilatometry for piezoelectric deformation studies, and the single
surface measuring system developed earlier, which was capable of resolving low
frequency AC displacements of 10- 3 AO, has been of tremendous utility. This year the
focus has been upon extending the ultradilatometer so as to be able to measure the

separation between two surfaces. In this way we have been able to eliminate
spurious flexure motion and all contributions from instrument resonances so as to
measure high frequencies right through the sample resonance.

The development of the double beam two-surface measuring instrument is
described in detail in Appendix 4. and demonstration of the sensitivity of 10-2 A is
described. The use of this new instrument to measure high frequency strain

response in PZT and PLZT ferroelectrics is described in Appendix 5. In a related
family of experiments to prove out the capability in this instrument to resolve both
amplitude and phase, the dilatometer has been used to map the real and imaginary
parts of d3 I for a PZT5 and to explore the phase delay with respect to the electric field

at frequencies very close to resonance (Appendix 6).
For frequencies close to resonance in a piezoelectric, a new equivalent circuit

has been derived which contains components associated with the piezoelectrically

coupled energy loss and has been tested successfully for samples which show a

significant piezoelectric phase angle (Appendix 7).

3. ELECTROSTRICTION.

3.1. Introduction.

Electrostriction in relaxor ferroelectric materials like lead magnesium niobate
(PMN) and its solid solutions with lead titanate (PT) are now coming into increasing

use in sensor and actuator systems and as high K dielectrics in capacitors. In all

these areas it is important to have a broader basic understanding of the complex

7



origins of the useful elasto-dielectric properties and some effort has been dedicated

to this end on this problem. Since the relaxors represent a very large class of most

interesting self-assembling nanocomposites, the more detailed basic study is being

carried out under DARPA/ONR contract N00014-86-K-0767 "Nanocomposites for

Electronic Applications."

Basic topics studied on this program relate to the nature of the micropolar

structure in lead magnesium niobate and its modification in PMN:PT solid solutions,

particularly as these approach to the morphotropic compositions, to the build-up of

the macropolar state under field and composition change, and to the coupling of the

nanopolar regions to the dimensions of the sample, i.e, the elasto-dielectric effects.

For the family of applications which seek to use PMN and PMN:PT for precise

position control or in agile piezoelectric transduction it has been most important to

understand and control aging in these compositions. This understanding is

particularly important for bias controlled electrostrictors where it has also been
important to explore the frequency response in the biased piezoelectric sates and the

manner in which piezoelectricity may be simply related to the dielectric and

electrostrictive properties.

3.2 Fundamental Studies.

Transmission electron microscope studies of the PMN:PT system (Appendix 8)
confirm the postulated nanoscale polar regions in the 0.93 PMN: 0.07% PT

composition at very low temperature and the increasing size and perfection of polar
regions as they mutate into a full domain structure at the 0.6 PMN:0.4 PT composition.

The presence of the pseudo-morphotropic phase boundary between rhombohedral

and tetragonal phases has been confirmed by dielectric and pyroelectric studies

(Appendix 9).

In all normal proper ferroelectrics it is expected that the piezoelectric and

electrostrictive constants in polarization notation are almost constant and only
weakly dependent on temperature even in the vicinity of the Curie points. For

crystals in centric prototypes, like the perovskite

sij = Qijkl Pk Pl
and the Qijkl, i.e., Q1 I, Q12, Q44 are only weak functions of temperature.

For PMNO.9:PTO.l and for 9:65:35 PLZT relaxors, it is shown (Appendix 10) that

Q I and QI 2 are quite strong functions of temperature near Tc due to the makeup of

the polarization which involves both 1800 (non-shape changing) and 900 (shape

changing) reorientations of the micropolar regions. The unusual character of the

8



relaxors is also reflected in the stress dependence of the dielectric stiffness, which in

simple non-polar solids is directly equivalent to polarization related electrostriction.

In Appendix 11 simple relations are defined for ferroelectric and antiferroelectric

crystals but it is shown that the relaxor is more complicated even above the mean

Curie temperature, due to the coexistance of polar and non polar regions.

3.3 Agile Transducers.

In the report of studies carried out in 1988, the large possible piezoelectric

effects in relaxor ferroelectric 0.9PMN:0.1PT were highlighted from an analysis of

the slopes of the low frequency electrostrictive displacement vs field curves. Over

the current contract period these results have been confirmed for a range of PMN:PT

compositions which have been explored under DC bias using the MRL

ultradilatometer facility.

Very high values of d3 3 up to 800 pc/N were confirmed for the frequency

range from 0.1 Hz to 50 kHz (Appendix 12). It was also shown that in the non-

dispersive composition/temperature domain d3 3 - 2QIIP 3 E3 3 , where P3 is the induced

polarization and e33 the permittivity at that polarization/field level. In a parallel

study, using a lanthanum modified 0.93 PMN:0.07 PT composition, high values of

piezoelectric d3 1 were confirmed by resonance methods (Appendix 13).

Clearly the PMN:PT system can provide agile piezoelectric materials which can

be switched in both amplitude and phase by quite realizable DC fields. These

materials could be applied directly to ultrasonic tomography as the resonance

frequencies are such that the monolythic sample can be switched with reasonable

voltage. Takeuchi, Masuzawa, Nakya, and Ito have described a 1:3 composite PMN:PT

polyurethane array using just this principal. Companies in the USA are also

interested but proprietary restrictions limit discussion.

For application of the agile sensors to lower frequency Navy applications,

multilayer devices will be required and studies are now being developed upon simple

inexpensive electrodes which could be co-fired with these compositions.

3.4 Aging Studies.

In PLZT relaxor compositions such as the 9.5:65:35, the defects arising from the

lead vacancies which must compensate the trivalent lanthanum are such that all

samples show aging. The aging does not, however, follow the normal log:linear form

but takes a log:log character of the form K = Kot-n (Appendix 14). Aging affects

dominantly the low frequency dispersive component of the response so that the Cole-

9



Cole arc shrinks continuous from the low frequency intercept, confirming and

extending the original data of Schulze et. al.

In PMN:PT recent aging studies are summarized in Appendices 15 and 16. For
this system ceramics which are carefully prepared on exact stoichiometry using
very high purity chemicals can be completely free from aging (a most important
result). Aging can, however, be re-introduced by non-stoichiometry or by doping
with aleovalent ions. For doped materials the aging is very similar to that in PLZT,

again affecting the dispersive low frequency component. Again, the effects of
temperature change about the aging temperature are not symmetric, dispersion

staying small at higher temperatures but being re-introduced by cooling the aged

sample.

The model which explains all current aging results requires that the micro-

polar regions which characterize the relaxor state be of slightly lower symmetry
than the corresponding ferroelectric domain states. The polar vector then has a
weakly preferred direction which becomes stabilized over time by readjustment of

the dipolar defect structure. Qualitatively the model is very similar to that most
recently proposed for aging in BaTiO 3 and PZT with the only exception that in PMN

the whole micro polar region is dynamic whilst in the normal ferroelectrics it is

only the domain wall region which is active.

3.5 Additional Relaxor Studies.

The ferroelectric literature is replete with all sorts and conditionals of surface
layer both intrinsic and extrinsic for both the free and the electroded surfaces of

ferroelectrics. In many instances the surface layer is diagnosed by a thickness
dependence of the properties , but frequently the phenomena are confused by
artifacts from the surface finishing. The problem of the ceramic:electrode interface
is particularly important where large polarization charges are being switched, as in

high strain actuators or thin film ferroelectrics for non-volatile memory

applications

PLZT ceramics which have been hot pressed to high optical transparency are
free from internal macro-voids and offer an excellent vehicle for electrode interface

studies. Data presented in Appendix 17 shows very clearly the existence of an
extrinsic surface layer and how it is modified by polishing, lapping, or etching the
surface. It also presents evidence that properties are also modified by internal

stresses generated by the finishing process.

10



Data presented in Appendices 18 and 19 explore the properties in PMN:PT

materials at compositions near 0.7PMN:0.3PT in the vicinity of the morphotropic

phase boundary between rhombohedral and tetragonal ferroelectric phases,

showing the large piezoelectric constants which occur in these compositions.

Dielectric studies on PMN:PT at the relaxor composition 0.9PMN:0.1PT have

been extended into the region of microwave frequencies with measurements at 10

GHz (Appendix 20) showing continuation of the dielectric dispersion into this

frequency range. Dielectric studies on high K materials at these frequencies are not

at all simple and some of the techniques which can be applied are delineated in

Appendix 21.

A general assessment of the importance of the relaxor ferroelectric families to

the future of the multilayer ceramic capacitor (MLC) businesses is included for

completeness as Appendix 22.

4. PHENOMENOLOGICAL THEORY.

Delineation of the Phenomenological Gibbs Free Energy functions for the
PbZrO 3 :PbTiO 3 family are now largely completed. Pre-prints of the work were

included in the 1987 annual report. A final version of the phenomenology for

PbZrO3 is given in Appendix 23, and the complete set of five papers on the PZT solid

solutions in Appendices 24, 25, 26, 27, and 28.

The derivation of the composition dependence of the electrostriction constants

which were required for the phenomenology has been documented in Appendix 29,

and an early exploitation of the phenomenological model to derive the

electrostrictive. dielectric, and piezoelctric constants for lead titanate is given in

Appendix 30. It is interesting to note from this study that the very large piezoelectric

anisotropy which is evident in the lead titanate based ceramics has its origin in the

unusually small value of QI2, the averaged electrostriction constant.

It is interesting to note that in the tungsten bronze system, there is wide

occurrence of solid solution systems which exhibit morphotropic phase boundaries

(Appendix 31). Application of the phenomenological approach to the Bal.xSrxNb20 6

bronze, however, leads to equations in which both fourth power and sixth power

terms in the order parameter are strong functions of temperature (Appendix 32), an

interesting consequence of the relaxor behavior in this system. These two studies

were accomplished in cooperative programs with the Rockwell Science Center in

Thousand Oaks and are only included because of strong relevance to this program,

11.



and through the participation of L. Eric Cross, part of whose support was from this

program.

5. CONVENTIONAL PIEZOELECFRIC CERAMICS.

It was shown in earlier studies that in PZT ceramics of constant Zr:Ti ratio that

are differently doped to produce soft, intermediate, or hard piezoelectric properties,

the extensive extrinsic contributions freeze out at very low temperature so that all

compositions have virtually identical properties at 4.20K. In more recent studies we

have explored the freeze out of the extrinsic property contributions in pure

PbZrO 3 :PbTiO 3 of different Zr.Ti ratio. This data was needed to determine coefficients

in the phenomenology for PZTs and illustrates how the intrinsic properties change

across the phase diagram (Appendix 33).
Following the modelling carried out on pure PbTiO 3 (Appendix 30) it was

interesting to re-measure the properties of the Samarium doped lead titante over a
wide temperature range (Appendix 34). From these studies it is clear that both e3 3

and d3 3 appear mainly due to the average intrinsic property of the single domain.

For d3 1 and Kp, the intrinsic contribution is very small and now extrinsic

contributions can set the sign, even though the large anisotropy is again primarily

due to the low value of Q12.

For most of the studies carried out on ceramic samples, the materials were

prepared here in the Laboratory and in many cases special preparation techniques

had to be derived. These studies are however, largely subsumed into the

experimental discussions in the earlier papers in these appendices.

In the extensive use of sol-gel methods to produce highly pure stoichiometric

powder in the PZTs, it was necessary to study the chemistry of lead titante formation

as a typical example and this work is separately reported in Appendix 35.

6. HIGH STRAIN ACTUATORS.

In general the elastic straiii xij which may be induced in a polarizable

deformable insulator may be characterized phenomenologically by the relation

xij = sijklXkl - bmijPm.QmnijPmPn

where Xkl, Pm,Pn are components of the elastic stress and electric polarizarion

respectively, Sijkl the elastic compliance, bmi j the piezoelectric coefficient in

polarization notation, and Qmnij the electrostriction tensor.

12



For all known materials, the b and Q constants are such that at realizable fields

in bulk samples induced polarizations are such that the induced strains are limited to

- 0.2%.

In ferroelectric polar states however, spontaneous polarization levels are such

that strains up to - 15% occur spontaneously. Thus for high strain actuators it is

clear that using present materials it is essential to manipulate the spontaneous

polarization either by a phase change or by a domain change.

In two related studies the field forced antiferroelectric to ferroelectric phase

change was investigated. In Appendix 36 it is shown that strains up to 0.85% can be

induced electrically and that forward switching times of less than I g sec are possible

under high field. A major current topic of study is the fatigue effect which limits the

number of switching cycles in these and in other high strain systems. In a second

closely related study, the back switching from the induced ferroelectric into the

stable antiferroelectric state was explored (Appendix 37). In some compositions back

switching in times less than 2 gi sec was observed suggesting that in most

compositions under a suitable back switching field very fast turn off will be possible.

7. APPRENTICE PROGRAM.

The apprentices who worked on the program during 1989 were:

Name: Michael J. Hawkins
Birthdate: March 30, 1971
Home Address: 940 Boundry Road

Wenonah, NJ 08090
College: Penn State

and

Name: Tanika Robinson
Birthdate: November 1, 1971
Home Address: 1672 N Wilton St.

Philadelphia, PA 19131
College: Ohio University

Michael Hawkins assisted S. Kumar who is working on smart materials. He was

involved in the setting up of underwater acoustic tests in the MRL tank facility.

Tanika Robinson was involved with computer design and graphics for the 3:0

transducer materials and also assisted in the preparation for chemically derived

perovskite powders.
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Rep. Pros. Phys. 52 (1989) 123-156. Printed in the UK

Electroceramics

R E Newnham

Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802, USA

Abstract

Structure-property relationships in electronic ceramic materials are reviewed to provide
insight into the behaviour of capacitors, thermistors, varistors, and other electroceramic
components. Rapid progress in the integration and miniaturisation of ceramic com-
ponents has led to the development of multipurpose electronic packages containing
complex three-dimensional circuitry. At the same time, a wide variety of smart sensors,
transducers, and actuators are being constructed utilising composite materials to
concentrate fields and forces. At present the processing methods make use of tape
casting the thick film techniques, but several upset technologies loom on the horizon.
During the years ahead we can expect electroceramic devices to follow in the footsteps
of semiconductor technology as the component sizes drop below I Asm, and nano-
composite devices become a reality.

This review was received in September 1988.
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1. Electroceramics market

The multibillion dollar electroceramics market (figure 1) includes Mn-Zn ferrites, PzT

transducers, BaTiO 3 multilayer capacitors, ZnO varistors, A1203 packages, and SiO,
optical fibres. Roughly speaking, the market is divided into six equal parts (Japan
Electronics Almanac 1986). Rapidly developing technologies can be identified within
each market segment: tellurium oxide coatings for video discs, barium hexaferrites for
perpendicular recording, silver and copper electrode systems for multilayer capacitors,
buried resistors and capacitors in ceramic packages, catalytic coatings for chemical
sensors, and pz' piezoelectric motors. As in all rapidly evolving fields of science and
engineering, there is a sense of excitement as a number of different technologies come
together in a synergistic manner.

Rsaistors

Figure 1. Electroceramics marker.

2. Ceramic sensors

The cheapest and most widely used sensors are ceramic bodies (Kulwicki 1984). To
illustrate structure-property relationships in ceramic sensors, six types of sensors will
be described: three chemical sensors and three thermistors. The sensors make use of

a variety of electrical phenomena sensitive to small changes in chemical composition
or temperature.

2.1. Oxygen sensors

Superionic conductors are used to determine the air-fuel mixture in automobile engines

(eddy 1974). One surface of the conductor is in contact with exhaust gas through a
porous electrode (figure 2), while the opposite surface is in contact with air. The
diffusion of oxygen ions through the solid electrolyte causes a voltage to appear between
the electrodes. Heating the sensor raises the conductivity level. Monitoring the compo-
sition of the air-fuel mixture results in greater fuel eciency and reduced air pollution.

Stabilised zirconia is the most widely used ionic conductor for oxygen sensors.
Partial substitution of M 2 , Ca2 , or y for zirconium stabilises the cubic fluorite
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Figure 2. (a) Automotive exhaust sensor utilising an ionic conductor as a stabilised
conductor. (b) Improved fuel efficiency is obtained by monitoring the sensor voltage and
adjusting the air-fuel mixture.

structure with a sizeable concentration of oxygen vacancies. An oxygen vacancy is
created for every zirconium replaced by magnesium, as indicated by the structural
formula (Zr,_,Mg,)(O 2_.0C ). Magnesium replaces zirconium in the cubic cation sites
of the fluorite structure (figure 3) with oxygen vacancies compensating for the lower
cation charge. In the fluorite structure, the cations form a face-centred cubic lattice
and the anions have a simple cubic arrangement. The anion sites are very close to
one another (-2.5 A) making it easy for oxygens to jump to an adjacent empty site.
This promotes ionic conductivity in fluorite-family oxides with defect structure, making
them useful as oxygen sensors (McGeehin and Hooper 1977).

2.2. Humidity sensors

Humidity sensors are used in microwave ovens and for electronic spark timing in
automobile engines. The surface resistance changes by several orders of magnitude

Zirconium magnesium

--- --- -------
A , +

Oxygmn Oxygen vacancy

Film 3. Swblised zionia is an excellent ionic conductor because of high concentration
of oxygen vcndel end the close proximity of anion sites.
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with humidity (figure 4). Metal oxide substrates of (MgCr 2O,-TiO,) with high surface
area and salt-impregnated coatings are especially sensitive to small changes in humidity
(Nitta 1981). The physical mechanism of surface conduction involves the adsorption
of water vapour followed by dissociation into hydronium and hydroxyl ions:

2H2O4 (H30)'- (OH)-.

Conduction takes place by means of the Grotthuss chain reaction in which protons
are transferred from one water molecule to the next in the physisorbed water layer on
the surface of the oxide, effectively passing along a hydronium ion in the direction of
the current.

The process is illustrated in figure 5. As reported recently, hydroxyapatite ceramics
make especially effective humidity sensors because of the attractive forces between
surface hydroxyl groups and adjacent water molecules. The chemisorbed layer is

10i

10' K.
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0 so 100

Reaotve humidity °/o)

Figure 4. Electrical resistance of an oxide humidity sensor at 20 °C (Nitta 1981).
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Figue S. Pictorial view of the surface structure of a hydroxyapatite humidity sensor.
Conduction takes place via a Grotthuss chain reaction in the adsorbed water layers.
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surmounted by a physisorbed layer in which conduction takes place. At high humidity
levels, a deeper, more fluid-like surface layer is formed and the conduction mechanism
changes.

2.3. pH sensors

Oxide pH sensors are made from semiconducting transition-metal oxides such as RuO,
and rO2 (Fog and Buck 1984). Both compounds are isostructural with rutile (figure
6). When protons approach the surface of the oxide, a chemical reaction takes place.
Two protons combine with a surface oxygen to form a water molecule. The reaction
is accompanied by valence changes of the ruthenium ions to maintain charge neutrality.
Electrons liberated from the metal ions complete the reaction, and cause a current to
flow in the solid. The resulting voltage depends on the hydrogen ion concentration
(figure 6).

i
M02. -2H. Zxt M 2. *xH7

~b) 10
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Filr 6. (a) Transition-metal oxides are used as pH sensors in which protons react with
surfue oxygens to form water molecules. The reaction is accompanied by valence changes
and current flow in the solid. (b) The resulting electric voltaic is proportional to pH (Fog
and Buck 1964).
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The three chemical sensors just described all involve ion motion, but in a different
way. Bulk ionic conduction occurs in the zirconia oxygen sensor, whereas surface
ionic conduction takes place in a humidity sensor. In the pH sensor, a chemical
reaction takes place at the surface between protons and oxygen ions.

In the next section, we describe three temperature sensors, again with three different
structure-property relationships, but this time the sensing involves electron motion
rather than ion motion.

3. Thermistors

Three types of ceramic thermistors are in widespread use: '.4rc thermistors, P-rc
thermistors, and critical temperature thermistors. Typical resistance changes with
temperature are illustrated in figure 7.
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Figure 7. Typically the electrical resistance of thermistors changes by several orders of
magnitude with temperature. in 4TC thermistors the resistance decreases steadily with
increasing temperature, but sudden changes at phase transitions are involved in Prc and
critical temperature thermistors. A, critical temperature thermistor; 5. Prc thermistor. C.
NTC thermistor.

3.1. Critical temperature thermistors

Vanadium dioxide is often used in critical temperature thermistors. Below 80 °C, VO.,
is a semiconductor with a negative temperature coefficient of resistance. Above 80 0C
it shows metallic behaviour with a great increase in conductivity (typically two orders
of magnitude) and very little change with temperature. The critical temperature of
80 °C can be modified somewhat by changes in chemical composition.

The V4, ion in V0 2 has a peculiar electron configuration with one 3d electron
outside a closed shell. In the low temperature state, adjacent V4

1 ions form electron-pair
bonds giving rise to a band gap and semiconductor behaviour. A phase transition
takes place at 80 C in which the 3d electrons are liberated from the pair bonds and
are free to conduct electricity. Changes in the crystal structure (figure 8) accompany
the phase transformation. The nutile-like structure found at high temperatures trans-
forms to a distorted monoclinic form below 80 °C. The formation of electron-pair
bonds is reflected in the interatomic distances. In the rutile structure the V'-V4"

distance across shared octahedral edges is 2.9 A. Below the transition, half are 2.7 A
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Figure S. StructurPI -nges take place in the VO, ceramics used as critical temperature
thermistors. At the m~etal-semiconductor transition the resistance changes by several orders

of mnagnitude a," ! Ee bond lengths change. At high temperature the metal-like structure
is isomorphous with tetragonal rutile, but changes to the semiconducting monochinic state
below 80 TC.

and half are 3.1I A. This distortion in structures locks the electrons into localised states
creating a band gap and semiconducting behaviour.

3.2. v-rc thermistors

Electrical resistance decreases exponentially with increasing temperature in an NTc
thermistor. Unlike critical temperature thermistors, there is no phase transition
involved. Most N'rc thermistors are composed of doped transition-metal oxides (Smit
and Wijn 1959). Typical of these controlled valency semiconductors are Fe203:Ti and
NiO:Li. Reacting Fe-103 with "riO,. in air yields

( I - x) Fe2O3 + xTiO2_ - Fe2'_*: , Fe T 0 3.

This is an n-type semiconductor in which electrons are transferred between iron atoms
of different valence:

Fe' + e- ** Fe' *.

The electron concentration and electrical resistivity are controlled by the titanium
content.

p-type NTrC thermistors are made from nickel oxide doped with lithium:

(-x)NiO +2 Li20- Ni : 2,Ni'+Li-O.

I~



Electroceramics 131

The hole conduction process involves charge transfer between divalent and trivalent
nickel ions:

Ni2 + h Ni.

Doped nickel oxide has the rocksalt structure (figure 9(a)) with lithium partially
replacing nickel in the cation sites. Ionic radii for Ni2  (0.84 A), Ni3 - (0.74 A), and
Li (0.88 A) all favour octahedral coordination with oxygen. As shown in figure 9(b),
resistivity decreases with increasing lithium content. Colour is another indication of
increased conductivity. The green colour of pure nickel oxide deepens to black with
increased doping.

For semiconducting compositions near Nio.95Lio osO, the band gap is about 0.15 eV.
The physical origin of this band gap is attributed to the attractive forces between Li-
dopant ions and the compensating Ni3 - ions. Charge is neutralised best when these
ions are next nearest neighbours (figure 9(a)). Polarisation of the surrounding structure
also contributes to the band-gap energy.
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Flpure 9. Doped nickel oxide thermistor. (a) The crystal consists of Ni 2*, Ni ' , and L'
ions in a rocksalt-like solid solution. (b) The electrical resistivity decreases with increasing
lithium content.
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Electrical conductivity is proportional to the charge carrier concentration n, the
charge of each carrier q, and the mobility g.:

o'= nqAs.

In thermistor materials, the temperature dependence of the conductivity is of great
importance. Both n and AS depend on temperature. For a semiconductor, the carrier
concentration varies exponentially with temperature, n -exp(-E/kT) where E is the
energy required to liberate charge carriers. The temperature dependence of the mobility
depends on its physical origin. For most scattering processes, mobility follows an
inverse power law (A - T -b) in which mobility decreases with increasing temperature
because of atomic thermal vibration. A different temperature dependence is found for
hopping processes. Here the mobility depends on thermal excitation, and increases
exponentially with temperature, g-exp(E'/kT). Summing up, the temperature
dependence of the electrical conductivity is

o'(T) - T - b exp(-(E + E')/kT] = T- b exp(-E"/kT).

Since exponentials tend to dominate, the electrical resistance of an NTC thermistor
can be described by

R=Ae/ .

For typical thermistors (figure 10), R lies in the range 1-10'f[, and B is 2000-6000 K.
The temperature coefficient a describes the percentage change in resistance with
increasing temperature:

I dR I d eBT )  -B
a= R dT RdT (A e

If B = 3600 K and T = 273 K, a is approximately 4%/C.
T'rc thermistors are used in flowmeters in which the velocity is measured by

monitoring the temperature difference between two thermistors. A heater positioned
between the two thermistors provides the temperature difference.

Thermistors are also used as inrush limiters to protect diodes, fuses, switches, and
light bulbs. The sudden surge of current which occurs when a light bulb is turned on
often ruptures the bulb filament. With an NTC thermistor in series with the bulb, the
energy of the initial surge is dissipated as heat in the thermistor.

10 10

2

0 40 80 120 160
r I*C)

Figure 10. Dependence of resistance on temperature for typical NTC thermistors.
R decreases by about 4% for each degree rise in temperature.
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3.3. Prc thermistors

P-rc thermistors differ from NTC thermistors in several important respects. The resistance
of a P'c thermistor increases with temperature, but only over a limited temperature
range near a phase transition. The resistance change is very large at this temperature
because of grain boundary effects (Saburi 1964).

Barium titanate ceramics are widely used in irc thermistors. When doped with
donor ions such as La 3 or Ce 3  (for Ba 2 ) or Nb5" (for Ti ), the resistivity material
shows a pronounced vrc effect (figure 11(a)). This low resistivity material shows a
pronounced vrc effect (figure 11(b)) if fired in air. Only normal NTC behaviour is
observed in ceramics prepared in reducing atmosphere,

1010 (a) 1010 1b)

005%106 10' 0
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10' 106 0

m, 10' 10' 0 3%
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Figure It. (a) Resistivity of cerium-doped barium titanate, Ba,_CeTiO3 , plotted as a
function of composition. (b) Resistivity of three cerium.doped barium titanate ceramics
measured as a function of temperature. A large Prc anomaly occurs near the Curie
temperature.

Explanation of the Frc effect rests upon understanding the defect structure. When
sintered at high temperature, lanthanum-doped BaTiO 3 becomes an n-type semicon-
ductor:

Bat_,La.TiO3 = Ba" -a1- X3

with conduction taking place via transfer of electrons between titanium ions, Ti" + e-
Ti3 . Thus the barium titanate grains in the ceramic are conducting, and remain
conducting on cooling to room temperature.

But the grain boundary region changes during cooling. Oxygen is adsorbed on the
surface of the ceramic and diffuses to grain boundary sites, altering the defect structure
along the grain boundaries. The added oxygen ions attract electrons from nearby Ti3

ions, thereby creating an insulating barrier between grains. If y excess oxygens are
added per formula unit, the grain boundary region can be described as follows:

2+ X 3 ' 4+ 3+ )o -

_ )(r_ 2YTA_2y)O 3,.

A schematic illustration of the defect perovskite structure is shown in figure 12. The
net result of this process is that the ceramic consists of semiconducting grain separated

Il.,.m. m m m m m dm m m~mm mm a m -m i , , ,-
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Figure 12. Schematic view of the Baj_,LajTiO) structure near the surface of a grain
boundary. Atmospheric oxygen dissociates and diffuses rapidly along a grain boundary
where the atoms attract electrons and form insulating barrers.

by thin insulating grain boundaries. The electrical resistance of the ceramic is inversely
proportional to grain size because smaller grains mean more insulating grain
boundaries, and therefore higher resistance.

To explain the rc effect it is necessary to consider the ferroelectric phase transition
in BaTiO 3 and its effect on the insulating barriers between grains (Daniels et al 1978).
Barium titanate is cubic and paraelectric above 130 °C, the Curie temperature. Below
this temperature the perovskite structure distorts to a tetragonal ferroelectric state in
which a large spontaneous polarisation P, develops on the (001) faces. The dielectric
constant reaches a maximum at T, and then falls off in the high-temperature para-
electric state following a Curie-Weiss law

C
K= ft C(T> Tc).

T-Tc

The Curie constant C is about 10' *C.
The P'c anomaly in doped BaTiO 3 occurs at temperatures near T, and is strongly

affected by the appearance of ferroelectricity. Both the spontaneous polarisation and
the Curie-Weiss law play an important role in the FTc effect.

At room temperature the resistance of a vrc thermistor is low because the electron
charge trapped in grain boundary regions is partially neutralised by spontaneous
polarisation. Wherever the domain structure is advantageously positioned, positive
polarisation charge will cancel the negatively charged barriers between conductive
grains, thereby establishing low resistance paths across the ceramic (figure 13(a)).

Above T, the spontaneous polarisation disappears and the resistivity increases,
giving rise to the Prc effect. At first the increase is very slow because of the high
dielectric constant at the Curie point. The barrier height is inversely proportional to
the dielectric constant of the surrounding medium; a highly polarisable medium shields
the charges trapped at the grain boundary, reducing the height of the barrier and the
electrical resistance. As the temperature increases further above Tc, the dielectric
constant K decreases rapidly in accordance with the Curie-Weiss law. Decreases in
K cause rapid increases in the barrier between grains and an increase in the electric
resistance. Eventually the resistance increase levels off as the decrease in dielectric
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Figure 13. (a) At temperatures below T., spontaneous polarisation charges neutralise the
potential energy barriers, creating low resistance paths through the ceramic. (b) Above T,
the dielectric constant decreases causing the electrical resistance to increase.

constant slows and the normal NTC effect of the semiconducting grains takes over
(figure 13(b)).

PTc thermistors are used as protection against overvoltage and short circuits. When
connected in series with the load, a ,rc thermistor limits the current to safe levels.
Large currents cause the temperature of the thermistor to rise into the vrc range,
thereby raising the resistance and lowering the current. Additional applications include
liquid-level indicators and thermostat control elements.

To summarise, the ceramic sensors just described make use of six different structure-
property relations. The humidity sensor involves ionic conduction on surfaces with
proton hopping between absorbed water molecules, whereas the zirconia oxygen sensor
involves bulk ionic conduction through grains. In metal oxide pH sensors a chemical
reaction takes place at the surface with protons reacting with surface oxygen atoms.

The three types of temperature sensors discussed in the last section make use of
electronic phenomena in ceramics. Critical temperature thermistors employ a structural
phase transtormation in which the bulk electronic condition changes from metallic to
semiconducting; a phase transformation is also involved in P¢c thermistors, but grain
boundaries are important here. Schottky barriers between the conducting ceramic
grains are neutralised by the spontaneous polarisation associated with the ferroelectric
phase transition in BaTiO 3 . This is a much more complicated conduction phenomenon
than that in an NTC thermistor. Bulk electronic conduction controls the resistivity of
the transition-metal oxides used in NTC thermistors.

4. Metal oxide varistors

Varistors are ceramic semiconductors with a non-linear current-voltage relationship
(figure 14). At low voltages, the varistor behaves like an NTC thermistor with
small temperature-dependent currents. At a certain critical breakdown voltage Ve,

however, the resistance diminishes suddenly and currents increase dramatically. The
phenomenon differs from normal electric breakdown in that the I- V characteristic is
reversible and controllable by the ceramic microstructure. Like the arc thermistor,



136 R E Vewnham

10'1

10"q t I $
10 100 11IO

V (V)

Figure 14. Typical I- V relation for ZnO vanstor. The current incceases very rapidly at

the breakdown voltage Vs.

the electrical properties are governed primarily by thin insulating barriers at the grain
boundaries. In the case of varistors, however, electron tunnelling is involved (Levinson
and Philipp 1986).

Most varistors are made from zinc oxide with additives of several per cent. ZnO
has the hexagonal wurtzite structure (figure 15) with tetrahedral ZnO bonds of 1.97 A.
A typical commercial composition for varistors is

(100 - x)ZnO +- (Bi 20 3 + 2Sb 2O, + CoO 3 + MnO2 + Cr 2O3)
6

where x is the mole per cent additives. Excellent varistor action is obtained for
compositions with x in the range 3-10%. The phase relations are rather complex but
when fired at 1350 *C, there are only two important phases. The varistor microstructure
consists of doped ZnO grains separated by doped Bi,.O3 grain boundary regions. TEM
micrographs show that the bismuth oxide layer is extremely thin (<30 A) in many
places. This plays an important role in the conduction process. Electrically, the ceramic
varistor consists of conducting ZnO grains with resistivities near 1 fl cm, separated by
insulating Bi 2 O3-rich grain boundaries. The grains are n-type and the boundaries
p-type. Electrons near the boundaries are trapped in the intergranulate Bi2O3-rich

* 0.

0 Oxygen

SZinc
Figure IS. Unit cell of the hexagonal ZnO structure used in varistors. Lattice parameters
are a -3.24A, c-5.19A.



Electroceramics 137

regions leaving ionised donors on both sides of the boundary. The result is a symmetric
Schottky barrier about 0.8 eV in height (figure 16(a)).

The non-linear I- V characteristic (figure 14) of a varistor can be explained in terms
of the Schottky barrier model. At low voltages, in the pre-breakdown region, charge
carriers surmount the Schottky barrier by thermal activation (figure 16(b)), giving rise
to small temperature-dependent currents. As the applied voltage approaches V8 , the
breakdown voltage, tunnelling from the filled states in the intergranular region begins
(figure 16(c)). Further increases in voltage result in very large current flows through
tunnelling.

Metal oxide ceramic varistors are used to protect circuit elements against inductive
surges which often damage contacts, relays, and rectifiers. By connecting the varistor
in parallel with the circuit element (figure 17), any voltage spikes greater than V8 cause
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Figure 16. (a) Schottky barrier caused by double depletion layer in ZnO varistor. Band
bending caused by donor electrons from the zinc oxide grains filling traps in the thin
bismuth oxide.rich layer between grains. (b) At low voltages, conduction takes place by
thermal activation, but (c) at the breakdown voltage tunnelling begins causing a very large
increase in current.
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Figre 17. Varistors are used to protect electrical contacts and loads against inductive surges.
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currents to flow through the varistor rather than the circuit element. Zinc oxide varistors
have proved especially useful as lightning arrestors (Einzinger 1987).

5. Superconducting ceramics

Until two years ago it was taken for granted that superconducting transition tem-
peratures were limited to 25 K. But with the discovery of lanthanum strontium cuprate
(Bednorz and Miller 1986) the temperature doubled, and doubled again with
YBa 2Cu 3O,, the so-called 1.2-3 compound (Wu et al 1987). The triple perovskite unit
cell (figure 18) contains seven oxygen and two empty oxygen sites.
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Figure I. Resistivity of the newly discovered 1-2.3 cuprate ceramics; the structure contains
many missing oxygen sites (Cava et al 1987).

The mechanism of superconductivity in the copper oxide family is not well under-
stood. In the theory put forward for metallic superconductors, an electron moving
through the lattice attracts or repels ions, causing them to vibrate. A quantum of
vibration energy (phonon) attracts another electron with opposite magnetic spin and
momentum in such a way that the two move in synchronised motion. The paired
electrons may be far apart and separated by other particles, but they are indirectly
linked, as if by a spring. Each and every motion, even a collision with the lattice, is
cancelled by the partner's movement. Moreover, such Cooper pairs travel in concert
with other pairs so that conduction electrons move together with remarkable orderliness.

The phonon links between electrons are so tenuous that they remain intact only at
very low temperatures. Even a little heat is sufficient to overcome the phonon attraction
and destabilise the superconducting state. The Bardeen-Cooper-Schrieffer (acs)
theory predicts an upper limit to the strength of the interaction with a T, of 30-40 K.

This suggests that there must be another coupling mechanism in the high- Tc copper
oxides. Isotope experiments have borne this out. The expected shift in T, with isotopic
substitution did not take place, thereby discrediting the phonon coupling mechanism.
Attention is presently focused on the copper-oxygen planes and chains found in all
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high-To ceramics. Most of the theories formulated during the past year involve the
peculiar bonding between copper and oxygen atoms. Normally copper has a valence
of + I or +2 in minerals and oxide ceramics, but in the superconductors its valence
exceeds two. Alternatively, an unusual valence of -I can be assigned to some of the
oxygen ions. The presence of 'excess' oxygen is crucial to the existence of superconduc-
tivity.

Three alternative mechanisms have been propounded to explain the coupling of
Cooper pairs in superconducting cuprates. Closely related to the scs theory is an
excitonic model in which electron-hole pairs (excitons) perform the same function as
phonons in superconducting metals. Another scs-like model involves magnetic interac-
tions as a coupling mechanism. Ferromagnetic regions within an antiferromagnetic
matrix are responsible for the attractive forces between electrons. A third theory
postulates the importance of resonating domain walls which are common in high-T.
ceramics. At the present time, theory seems to be of little value in guiding experimen-
talists.

Ceramic and thin-film specimens both exhibit superconductivity above liquid air
temperatures, opening up a large number of possible applications: frictionless
generators, motors and high-sp:ed trains; levitating toys and gimmicks; electronic
Josephson junctions and resistanceless interconnects; large magnetic fields for NMRt
medical diagnosis, nuclear accelerators and hydrogen fusion; power transmission lines
and closed-loop energy storage for load levelling; radiation detectors for astronomy,
oil exploration, and brain wave research. The feasibility of many applications rests
upon improvements in the critical current density. Ways must be found for stabilising
the superconducting phase under high magnetic fields and electric currents. Several
interesting composite structures are under investigation.

But although ceramic superconductors have captured the imagination of thousands
of scientists, the work is outside the mainstream of electroceramics. Until a major
market is demonstrated, it will remain a curiosity. The main thrust in electroceramics
research is not in the discovery of new materials but in the miniaturisation and
integration of components already known.

6. Ferroelectric ceramics

Multilayer capacitors make use of ferroelectric oxides such as barium titanate (Herbert
1985). Ferroelectric oxides with the perovskite, tungsten bronze, pyrochlore, and
bismuth titanate layer structures all have high dielectric constants and high refractive
indices, and all contain comer-linked octahedral networks of Ti", Nbs', or other do

ions. These transition.metal elements are the highly polarisable 'active' ions promoting
ferroelectricity and the high permittivities required for capacitors.

With reference to the periodic system there are two major groups of active ions,
and both are near electronic 'crossover* points where different types of atomic orbitals
are comparable in energy, and where hybrid bond formation is prevalent. The first
group typified by Ti", Nb', and W are do ions octahedrally coordinated to oxygen.
For Ti", the electronic crossover involves the 3d, 4s, and 4p orbitals which combine
with the o' and r orbitals of its six 02 neighbours to form a number of molecular
orbitals for the (iiO6)1- complex. The bond energy of the complex can be lowered
by distorting the octahedron to a lower symmetry. This leads to dipole moments,
ferroelectricity, and large dielectric constants.
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A second group of active elements contributing to polar distortions in ceramic
dielectrics are the Lone-pair ions having two electrons outside a closed shell in an
asymmetric hybrid orbital. Among oxides, the most important of these lone-pair ions
are Pb 2 and Bi3 " which are involved in a number of ferroelectrics (PbTiO 3 , BiTi301 ,
PbNb;O6 ) with high Curie temperatures. In many of these compounds, Pb2" and Bi3'
are in pyramidal coordination with oxygen and therefore contribute to the spontaneous
polarisation.

6.1. Ba TiO3 capacitors

Many capacitor formulations are based on BaTiO 3, one of a number of ferroelectric
substances crystallising with the perovskite structure. Barium atoms are located at the
comers of the unit cell and oxygens at the face centres (figure 19). Both barium and
oxygen ions have radii of about 1.4 A and together they make up a face-centred cubic
array having a lattice parameter near 4 A. Octahedrally coordinated titanium ions
located at the centre of the cubic perovskite cell are the active ions in promoting
ferroelectricity. The low-lying d orbitals of titanium lead to unusual atomic arrange-
ments and large electric polarisability.
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Figure 19. Structural changes occurring at the three ferroelectric phase transformations in
BaTiO, result in large values of the dielectric constant over a wide temperature range.

On cooling from high temperature, the crystal structure of BaTiO 3 undergoes three
ferroelectric phase transitions. All three are displacive in nature with atomic movements
of 0.1 A or less. The point symmetry changes from cubic m3m to tetragonal 4mm at
the Curie temperature of 130 *C. The tetragonal state with its spontaneous polarisation
along (001] persists down to 0 °C where it transforms to orthorhombic (mm2 symmetry)
as P, shifts to a ( 110] direction. On further cooling, the orthorhombic state transforms
to rhombohedral (3m) near -90 C. The structural changes are illustrated in figure 19.
A peak in the dielectric constant occurs at each of the phase transitions (figure 19).
In regard to capacitors, it is extremely important that the dielectric constant is high
over a wide temperature range. The presence of the two lower ferroelectric transforma-
tions ensures that the dielectric constant remains high below the Curie temperature.
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Note in figure 19 that the dielectric constant along the a axis is larger than that
along the polar c axis. The instability of the structure makes it easy to tilt the
spontaneous polarisation vector with a transverse electric field.

Since barium titanate is by far the most popular compound for multilayer ceramic
capacitors, there have been many studies of its solid solutions. Substitutions for Ba:"
or Ti4" are used to raise the permittivity, flatten its temperature dependence, and lower
the losses.

Substituting a divalent cation for barium in BaTiO3 modifies the transition tem-
peratures. The three most commonly used 'Curie-point shifters' are Pb 2. Sr:', and
Ca'. Modest amounts of Pb'* raise Tc, Sr2' lower T,, and Ca;" has little effect.
Divalent Pb is one of the very few additions which increases the transition temperature,
the tetragonal pyramidal coordination favoured by Pb ; ' stabilises the tetragonal phase
with respect to the adjacent cubic and orthorhombic phases. All three Curie-point
shifters destabilise the orthorhombic and rhombohedral phases of BaTiO 3 as the lower
two transition temperatures drop when increasing amounts of Pbs', Sr', or Ca2- are
added. The opposite effect is achieved by replacing titanium with larger tetravalent ions.

A pinching together of the phase transitions occurs when titanium is replaced with
larger tetravalent ions. Typical of this type of behaviour is the BaTi_,Zr,0 3 phase
diagram. With increasing zirconium content, the Curie temperature drops while the
lower two transition temperatures are raised, causing the three transition temperatures
to converge near x - 0.1 and Tc = 50 *C. As a consequence the three peaks in the
dielectric constant merge to give an immense peak of about K = 8000.

6.2. Domain walls and dielectric loss

Domain walls are an important source of dielectric loss for temperatures below T,
(Hardtl 1982). Under applied electric fields, domain wall motion takes place, dissi-
pating energy. A number of different types of walls are found in BaTiO 3. with varying
wall mobilities. Tetragonal BaTiO 3 has 180" walls, and both charged and uncharged
900 walls. Charged walls are important only in conducting BaTiO3 where currents can
flow, neutralising the charge. The 180" walls are generally more mobile than 90" walls
because of the mechanical strain associated with 90" walls.

In general, the electrical loss of ferroelectric ceramics displays three identifiable
temperature ranges (figure 20). Below T, the losses are moderately high and are caused
by domain walls. The magnitude of tan 8 increases rapidly with the applied field, but
does not depend strongly on frequency.

The second temperature range--typically extending 100-200" above the Curie
temperature-has very low dielectric loss. Above T, there are no domains to cause
dielectric loss, and the temperature is too low for appreciable conductivity loss.

At high temperatures, the loss due to conductivity becomes important causing tan 6
to increase rapidly with temperature. Conduction losses are inversely proportional to
the measurement frequency.

Acceptor dopants such as K' or Fe"4 create oxygen vacancies in BaTiO 3:
(Ba,.K.)Ti(O3_,/,,, 2 ) and Ba(Ti1_,Fe.)(O 3 ..2D g2). Oxygen vacancies exert a
much greater influence on the dielectric loss than do barium or titanium vacancies.
The way in which oxygen vacancies affect tan 8 depends on temperature and the
dominant loss mechanism. Below T, where domain wall losses predominate, oxygen
vacancies lower tan . The explanation of why donors and acceptors affect the dissipa-
tion factor differently involves the pinning of domain walls. Donor-doped perovskite
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Flpr 20. Temperature dependence of the electrical loss tan 8. At high temperatures the
losses are caused by conduction. while domain walls are responsible at low temperatures.
Regsion 1. high loss caused by domain walls; region 11, low loss, region 111. hitch loss caused
by conductivity.

ferroelectrics have lossy hysteresis loops and considerable domain wall mtooion whereas
acceptor-doped perovskites do not.

The reason why domain walls are pinned more effectively in acceptor-doped
perovskites can be seen from the crystal structure. Oxygen vacancies diffuse much
faster than cation vacancies because of the proximity of oxygen sites. The distance
between nearest-neighbour oxygens is only 2.8 A compared to 4 A- for the shortest
Ti-Ti or Ba-Ba interatomic distance.

Defect dipoles in acceptor-doped BaTiO3 consisting of paired iron atoms and
oxygen vacancies realign more easily than do the corresponding dipoles in donor-doped
material. Thus the defect dipoles in acceptor-doped BaTiO3 align with the spontaneous
polarisation of the domain structure to pin domain walls, thereby lowering the dissipa-
tion factor in the low-temperature region below T,.

6.3. Conduction losses and degradation

Oxygen vacancies are also important in the high-temperature region. The rapid increase
of dissipation factor is caused by free carrier conductivity, and the concentration of
free carriers depends on doping and temperature. The loss factor (tan 8) is inversely
proportional to frequency in this temperature range.

Based on a number of' experiments, the following picture has been developed for
the Dc degr'adation process in barium titanate ceramics. Polycrystalline titanates are
appreciably reduced at the temperatures used in firing ceramic capacitors. On cooling,
rapid reoxidation occurs above 11I00°T but effectively stops at some temperature
between 600 and 900 TC. As a consequence the outside of the sample and, to some
extent, the outside of' each grain is well oxidised, but the interior of' the grains remains
oxygen deficient. Oxyglen vacancies carry an effective charge of +2e, which is
neutralised by 3d electrons on the titanium atoms, forming two Ti3  ions for every
oxygen vacancy. At low temperatures, the oxygen vacancies and Ti"' ions are bound
by a small energly of' 0. 1-0.2 eV, sufficiently large that only a few of. the def'ects are
separated. Electrons associated with the unattached Ti? ions are responsible for
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conduction making use of the narrow 3d conduction band. Alternatively the conduction
process can be described as electron hopping via Ti3 +- Ti"+ e- transfer. Unattached
oxygen vacancies also contribute to the conductivity but their mobility is much smaller
than that of electrons. Neutralised bound defects do not participate directly in the
conduction process but experience a torque tending to align the dipole moment with
the applied field. This in turn creates dielectric polarisation and dielectric loss. Oxygen
vacancies are also important in the Ac degradation of BaTiO 3 ceramics. Electrostrictive
pumping of the oxygen vacancies to the grain boundary has been proposed as a
mechanism.

Trivalent manganese plays an important role in a number of capacitor compositions
by lowering conduction losses. MnS has the 3d" electron configuration and is widely
known as a Jahn-Teller ion. It seems likely that the large tetragonal distortions
associated with Jahn-Teller ions are effective in anchoring oxygen vacancies.

6.4. Relaxor ferroelectrics

Ordered perovskites generally have low dielectric constants because the linkage between
.active' ions is severed. In disordered structures such as the relaxor ferroelectrics the
dielectric constant can be extremely large, making them useful as capacitor dielectrics.
The monolithic Pb-based compositions under development in Japan (Yonezawa et al
1987) are excellent examples. Not only do the Pb(Feo.sNbo0 )0 3-Pb(Feo 67 W0O33)03
ceramics have dielectric constants in excess of 15 000 but they can be sintered in air
at 850 °C with silver electrodes.

Relaxor ferroelectrics are characterised by temperature-sensitive microdomains
resulting from the many different 'active' ion linkages in the disordered octahedral
framework. Each (NbO 6 ) octahedron may be bonded to anywhere from zero to six
other (NbO 6) octahedra. Connections between these octahedra are assumed to be
essential to ferroelectricity and high K values. As temperature decreases from the
high-temperature paraelectric state these microdomains gradually coalesce to
macrodomains giving rise to a diffuse phase transformation. These polarisation fluctu-
ations are also dependent on bias field and measurement frequency. The dielectric
constant drops off rapidly with frequency (hence the name 'relaxor') because it takes
time for the polarisation fluctuations to respond. oc bias fields favour coalescence,
having the same effect as lowering the temperature.

Relaxor behaviour is very common among Pb-based perovskites, suggesting that
Pb 2' and its 'lone-pair' electrons play a role in the microdomain process, possibly by
adjusting the orientation of the lone pair.

Multilayer relaxor ferroelectrics are used as micropositioners as well as capacitors.
The electrostrictive distortions are highly reproducible and have found widespread use
in active optic systems (Uchino et al 1980).

6.5. Piezoelectric transducers

Piezoelectric transducers convert mechanical energy to electrical energy (the direct
piezoelectric effect), or electrical energy to mechanical energy (the converse piezoelec-
tric effect) (Herbert 1982). Ferroelectric ceramics such as lead zirconate titanate become
piezoelectric when electrically poled. Poling is carried out under intense electric fields
at temperatures just below the ferroelectric Curie point where the domains are most
easily aligned.
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The phase diagram of the PbZrO3-PbTiO 3 system is shown in figure 21(a).
A complete solid solution forms at high temperature with Zr and Ti randomly distributed
over the octahedral sites of the cubic perovskite structure. On cooling, the structure
undergoes a displacive phase transformation into a distorted perovskite structure.
Titanium-rich compositions favour a tetragonal modification with sizeable elongation
along [001] and a large spontaneous polarisation in the same direction. There are six
equivalent polar axes in the tetragonal state corresponding to the [100], [100], (0101,
[010], [001], and (001] directions of the cubic paraelectric state. A rhombohedral
ferroelectric state is favoured for zirconium-rich compositions. Here the distortion
and polarisation are along ( 111 ] directions, giving rise to eight possible domain states:(111], [1"11], (111], (111], (111i], [111], [('T1], and (ITT].

The compositions which pole best lie near the morphotropic boundary between
the rhombohedral and tetragonal ferroelectric phases. For these compositions there
are fourteen possible poling directions over a very wide temperature range. This
explains why the piezoelectric coefficients are largest near the morphotropic boundary
(figure 21(b)).

Morphotropic boundaries are relatively common in Pb-based perovskites, more so
than in other perovskite phase diagrams. In solid solutions based on BaTiO 3, a different
sequence of phase transformations appears. On cooling from high temperatures the
cubic phase undergoes transformations to tetragonal, orthorhombic, and rhombohedral.
The intervening orthorhombic phase makes it possible for the tetragonal phase to
transform to rhombohedral. Thus there is no morphotropic phase boundary in BaTiO 3-
based ceramics.

It appears that morphotropic boundaries occur in PbTiO 3-based systems because
of the suppression of the orthorhombic phase. The Pb2 ion plays a major role in the
suppression. Because of its lone-pair 6s2 electron configuration, Pb 2  favours pyramidal
bonding. In the tetragonal and rhombohedral perovskites, such bonding occurs, but
not in the orthorhombic ferroelectric form. Here Pb2  is forced to move directly toward
a neighbouring oxygen ion, an extremely ,unfavourable coordination (Heywang and
Thomann 1984).

Poled ceramic transducers have conical symmetry (point group cnm), the symmetry
of a polar vector. By convention, the x3 axis is chosen along the polar axis with the

Pwarlectetmtc 25 0.4

0 25 50 "75 100 0 25 50 75 100
PuZrO3 McI */, Pb)TiO, PbrTiOj Pb2ZrO Mat */, PbTiO| =TO

Fiue21. (a) Binary phase diaglram oe the lead zirconute-Iead titanate ceramics used in
mrasdu~ers. (b) largle piezoelectric coedlicients are obtained for poled ceramics with

mp
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Figure 22. (a) Poled piezoelectric ceramics have the symmetry of the imposed electric field
vector. This symmetry determines the form of the piezoelectric tensor which is referred to
the axial system shown in tb).

orthogonal x, and x2 axes perpendicular to x3 (figure 22). The piezoelectric coefficients
relate polarisation to mechanical stress. Pt, P2, and P3 are the components of the
stress-induced polarisation along axes x1, x2 , and x3. In matrix notation, stress
components a,, 0"., and 0"3 are the applied tensile stresses parallel to xi, x.., and x3.
Shear stresses about xi, xi, and x3 are designated a,,, o0., and 06, respectively.

For poled ferroelectric ceramics, conical symmetry dictates that all piezoelectric
coefficients are zero except d3t = d32 , d33 , and d,5 = d24 . The direct piezoelectric effect
can therefore be described by the following matrix expression:

P, 0 0 0 dis 0\0
P 2 -- 0 0 5d 0 0 (3

Multiplying out,

P = d15o'5  P-d 5 o'4  P3 = d 3I(O + 0.,) + d 330 3.

Thus polarisation along x, can only be generated by shear stresses about x,. For
hydrostatic pressure p, 1o 2 = " 03 = -p, and o-, = os = o=0. The resulting polarisa.
tion appears along x 3: P3  (2d3t + d33)(-P).

Molecular mechanisms for piezoelectric coefficients d33 , d3, , and dis are pictured
and explained in figure 23. For z'r compositions near the morphotropic boundary,
d33 -,400 pC N- ', d3, - -170, and d1s5 - 500. The magnitudes depend markedly on
dopants and defect structure because of their influence on domain wall motion.

Donor ions create Pb vacancies in the Pzr structure. As an example, when Nb-
is substituted for Ti'", vacancies on the lead site result:

(Pb -/E ,z( I -,-,Zr, Nb )03.

Donor doping is not effective in pinning domain walls. Pinning is believed to result
from the alignment of defect dipoles with the spontaneous polarisation within a domain.
The defect dipoles come from the negatively charged Pb vacancies paired with dopant
Nbl' ions. Since the defect dipoles are formed at high temperature, the dipoles are
not aligned with P, initially because the spontaneous polarisation is zero in the cubic
paraelectric state. Alignment can only take place below the Curie temperature (-350 *C
for Pzr) where diffusion rates are low. Such is the case for donor-doped PzT, a
so-called 'soft' Pzr. In a soft pz'r, domain wall motion contributes to the size of the
dielectric and piezoelectric coefficients. Hence soft Pzr transducers are used as



146 R E Newnham

PbTiOl

Symmetry 4mm

C>:

6P3 3 -d0'P4

dsa

Figure 23. (a) Tetragonal PbTiO, is non-centrosymmetric with the titanium ion displaced
from the centre of the unit cell. (b) When a tensile stress is applied parallel to x3, the Ti"

ion displaces further in its off-centre position. creating a positive polarisation in this
direction: P3 - d330 3. (c) If the stress is applied along x,. the dipole moment of the unit
cell is diminished, and a negative polarisation appears. Hence d, is negative while d,, is
positive. (d) For a shear stress about x,, the dipole moment is tipped, producing polarisation
in the x, direction. P, = di gas.

hydrophones and ultrasonic detectorswhere high sensitivity to weak signals is needed.
Adversely, however, soft Pz-r ceramics are easily depoled because the domain walls
are not pinned. For this reason, soft PZT is not used for sonar transmitters or spark
generators (Pointon 1982).

Acceptor doping with lower valent ions such as K' (for Ba2 ) or Fe 3 (for Ti )
is employed to produce 'hard' Pzr. Oxygen vacancies are generated by acceptor doping:

(Pb, K,)(Ti11-,Zr,)(O 3-. /2C3./2).

Domain walls are pinned in hard Pzr because the defect dipoles are able to align in
accordance with the domain structure. Dipoles consisting of oxygen vacancies and
associated dopant ions are able to re-orient more easily in a hard Pzr. The explanation
lies in the ease with which oxygen vacancies diffuse at temperatures below T,.

Examination of the perovskite structure makes it clear why oxygen vacancies diffuse
faster than cation vacancies. Cations are completely surrounded by oxygens and are
separated from the nearest cation site by an entire unit cell (-4 A), making diffusion
very difficult. Oxygen sites, on the other hand, are adjacent to one another, only 2.8 A
apart. Hence oxygens can easily move into nearby oxygen vacancies, realigning defect
dipoles and pinning domain walls.

7. Magetim im oxida

Magnetic ordering occurs when the transition-metal atoms are nearest neighbours
(metals) or next nearest neighbours (simple compounds) (Chikazumi 1964). Among
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oxides and fluorides, antiferromagnetism is much more common than ferromagnetism
or ferrimagnetism. The reason is the superexchange interaction. Direct exchange
seldom occurs in such materials because the transition-metal ions are not in direct
contact, but interact via an intermediate anion. Superexchange is a strong interaction,
leading to magnetic transition temperatures comparable to metals. Ferromagnetic
ordering in Fe occurs at 1040 K, antiferromagnetism in a-Fe20 3 at 950 K, and ferrimag-
netism in magnetite at 860 K.

In the superexchange interaction two metal atoms M, and M, on opposite sides
of an oxygen ion interact through a p orbital of oxygen (figure 24). Transition-metal
ions with less than half full d shells will be considered first. Since the oxygen ion is
not fully ionised, its outer electrons spend time on the neighbouring transition-metal
ions. When it enters the d shell of a transition ion whose d orbitals are less than half
full, the oxygen electron spin is parallel to those of the metal ion, in accordance with
Hund's rule. Meanwhile the other electron in the same oxygen p orbital is on the
opposite side of the oxygen ion because of the coulomb repulsion between two electrons
in the same p orbital. While there, the second electron (whose spin is antiparallel to
the first electron because of the Pauli exclusion principle) also interacts with transition-
metal ions--and its spin will again be parallel to that of the metal ion if its d shell is
less than half full. The antiferromagnetic superexchange thus arises from the alignment
as shown in figure 24: the first metal atom accepts an electron with parallel spin from
an oxygen neighbour; the spins of the two electrons in the same oxygen p orbital are
antiparallel; and the second electron spends part of its time in parallel alignment with
the d electrons of the second metal ion.

M.- 0 - M

Flgu 24. The 180. superexchange interaction when the transition-metal 3d shell is
(a) lesa than half full and (b) half or more than half full.

A similar situation occurs when the d electron shell of the transition-metal ion is
more than half full, again resulting in antiferromagnetic superexchange (figure 24).
The oxygen electrons enter the metal atom d shell antiparallel to the net spin, but
since the same thing happens to the other electron, the interaction remains antiferromag-
netic. Superexchange is strongest when the angle M,-0-M2 is 180*, allowing maximum
overlap of the p orbital with the two metal ions. The interaction weakens as the angle
approaches 90", even though the metal-metal distance may be shorter.

Long-range magnetic order disappears at high temperatures because of thermal
disorder. The transition temperature is called the Curie point (T) in a ferromagnet
or ferrimagnet, and the N6ei point (TN) in an antiferromagnet. T, and TN depend
strongly on transition-metal concentration, as expected. The general trend is indicated
by the transition temperatures for the following Fe' compounds, which are arranged
in order of decreasing iron content: a-Fe203 (958 K), y-Fe 2 ,3 (743), FeOF (315),
Fe2MgO, (653), Y3FeO,2 (563), FeF3 (394), FeCI 3 (10), Fe 2TeO, (219). YFeO3 (643),
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FePO4 (25), Fe 3(PO4) 2 4HO (15), FeNH,(S0) 2 , 12H 20 (<1 K). Magnetic inter-
actions weaken with increasing dilution, although some noticeable irregularities occur
in the list. The transition temperature of FeC 3 is surprisingly low, while that of YFeO 3
is rather high. These exceptions illustrate the influence of crystal structure on the
exchange interactions. Ferric chloride has a layer structure with sequence -Cl-Fe-Cl-
Cl-Fe-Cl-. Neither direct nor superexchange interactions are possible between layers,
hence TN is very low. In YFeO 3, the arrangement of iron and oxygen is nearly ideal
for 180 ° superexchange. The compound crystallises in the perovskite structure with
interconnected -O-Fe-O-Fe-O- chains in all three directions.

7. 1. Spinel ferrites

Most magnetic ceramics make use of the trivalent iron, Fe 3 , with its five unpaired
electrons. To take advantage of the large magnetic moment, it is necessary to couple
the spins through superexchange. In ferrites with the spinel structure there is a strong
antiferromagnetic superexchange coupling between the tetrahedral and octahedral
sites. Each oxygen in the spinel structure is bonded to one tetrahedral cation and
three octahedral cations (figure 25). The tetrahedral ion-oxygen-octahedral cation
linkage subtends an angle of 1250 at the oxygen ion which is large enough to make
use of a 2p orbital in a strong superexchange interaction.

Fipre 25. Oxygen nearest neighbours in the spinel structure. Superexchange coupling

between the tetrahedral and octahedral sites is especially strong.

The complexity of the spinel structure is also important; there are twice as many
octahedral as tetrahedral metal ions in spinel and this leads to magnetic imbalance
and a net magnetisation. This is why magnetite (Fe3O4 , spinel structure) is ferrimagnetic
while hematite (a-Fe20,, corundum structure) and wustite (FeO, rocksalt structure)
are antiferromagnetic.

7.2. Magnetisation

In the spinel ferrites, the spontaneous magnetisation is equal to the difference between
the sublattice magnetisations associated with the octahedral and tetrahedral sites. By
judicious choice of ions, the difference can be made quite large, and leads to an unusual
situation in which adding a non-magnetic ion increases the magnetisation. This type
of substitution is used to maximise the remanent magnetisation of ferrites.

Zinc ferrite (ZnFe204) is a normal spinel whereas most other spinel ferrites have
the inverse structure. In a normal spinel, divalent cations occupy the tetrahedral sites,
in contrast to inverse spinels where the tetrahedral sites are filled with trivalent cations.
In the nickel zinc ferrite solid solution (Ni,.ZnFe20 4), as x is increased Zn2* replaces
Fe3 in the tetrahedral sites and Fe3' fills the octahedral sites emptied by Ni 2 . Divalent
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zinc has no unpaired electrons, divalent nickel has two, and trivalent iron five. The
net magnetisation of nickel zinc ferrite is proportional to 5(1 +x)+2(I -x) -O(x) -

5(1 -x) = 2+8x. Calculated magnetic moments for several of the zinc ferrite solid
solutions are compared with experiment in figure 26. As predicted, the magnetisations
rise with increasing zinc content until there are so few Fe" ions remaining in tetrahedral
sites that the superexchange coupling between tetrahedral and octahedral sites breaks
down. As a result, the Curie temperatures decline rapidly with increasing zinc content,
eventually dropping below room temperature (figure 27). The ferrite changes from
ferrimagnetic to paramagnetic as the composition nears pure zinc ferrite. The most
useful compositions are those near x = 0.5 where the magnetisation is a maximum.
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Figure Z6. Addition of zinc raises the magnetisation of ferrites.

7.3. Soft ferrites

Soft ferrites are noted for their high magnetic permeability and high electrical resistivity
(Slick 1980). Eddy current losses are of great importance, and compared to metals,
the high resistivity of ferrites greatly reduces loss at high frequencies. Applications
for soft ferrites include inductors, transformers, antenna rods, loading coils, deflection
yokes, choke coils, recording heads, and magnetic amplifiers.

Manganese zinc ferrite and nickel zinc ferrite are the most widely used of the soft
ferrites. Mn-Zn ferrite has the highest saturation magnetisation of any ferrite, and is
a good soft magnetic core material, but Ni-Zn ferrite is superior at high frequencies
because of its higher electrical resistivity and lower resonance losses.

The property of greatest interest in soft ferrites is the initial permeability Aj and
its frequency dependence. Permeability is a complex quantity, A = IA'- i", with the
magnetic loss factor defined as tan 8 - ,"/jA'. Engineers often use tan 8/A' as a figure
of merit in comparing different ferrites at low frequencies. The lowest (best) figures
of merit are obtained for Mn-Zn ferrites, and for Ni-Zn ferrites at high frequencies.
The crossover frequency is approximately 1 MHz.

Figure 28 shows frequency spectra for several Ni-Zn ferrites. The permeability
spectrum is characterised by a broad loss peak at f, associated with domain wall losses.
Note that the ferrites with high permeability have the worst frequency dependence;
the product A"f, is approximately constant (Snook's law).



ISO R E Newnham

700
Me,. 5 ZnOF* 2 0,

60 -Me:Ljo s* Foo s

300 - - -

20O Mn

-400D~

000

1-2C0

-200-- 203 1

0 02 0. 7 0 0

Mee ,0 ZnFe 0,
I- 6

Figure 27. Addition of zinc lowers the Curie point of magnetic fermtes.
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7.4. Anistropy, magnetostnction and microstructures

7.4.1. Anisotropy. To maximise the permeability of a soft ferrite it is necessary to
eliminate restraints on domain wall motion. Crystal anisotropy and magnetostriction
are two restraints which can be greatly reduced through control of chemical composition
and microstructure. Mn-Zn ferrites are intrinsically soft because of their low anisotropy
fields. Mn 2

' and Fe" have half-filled 3d shells and Zn2  has a completely filled shell.
All three ions are spherically symmetric with little preference in spin orientation.

The anisotropy field affects both the rotational and domain wall contributions to
the permeability. Since the spins in a low anisotropy ceramic are easily deflected by
an applied field, the rotational permeability is greatly enhanced. Domain wall motion
is also enhanced because of the nature of domain walls. Within the walls, spin
orientations differ markedly in orientation from the easy axis directions. Thus wall
energy and the ease with which walls can be created or displaced is influenced strongly
by the anisotropy field.

7.4.2. Magnetostriction. The change in shape of a magnetic specimen during the
magnetisation process is called magnetostriction. Domain wall motion is responsible
for most of the strain. Strain measurements are made on unmagnetised specimens
with randomised domain structure. When a field is applied, the specimen changes
shape, and eventually both the magnetisation and the strain reach saturation values
at very large fields. For ferrites the saturation strain A ranges from 10- 6 to I0- '. Small
values of A are essential in a soft ferrite because strain mismatch impedes domain wall
motion and magnetisation rotation.

Magnetostrictive coefficients have been measured for a number of ferrites including
the manganese zinc ferrites shown in figure 29. Adding a few per cent Fe 2  reduces
A to zero, and it also decreases the anisotropy coefficient K.

7.4.3. Microstructures. Compositions near the intersection of the A = 0 and K, = 0 lines
are especially interesting. Magnetic permeabilities as large as 40 000 are measured
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Filpure 29. Constant permeability contours in the Mn-ZA-Fe ferrite system. Maximum
permeability occurs near the point or zero magnetostricaon and zero anisotropy.
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near the point where magnetostrictive and anisotropy effects are absent. Domain wall
and rotational contributions to the permeability are both enhanced at this composition.

In ceramic ferrites, a microstructure consisting of large, defect-free crystallites
favours domain wall mobility and high magnetic permeability (Jonker and Stuijts
1971). Domain wall movements are suppressed in the fine-grained ferrites used in
permanent magnets and in high frequency applications. Small grain microstructures
and low porosity are also required for microwave ferrites to eliminate unwanted spin
waves.

The distribution of pores in the microstructure is important. Tiny pores distributed
uniformly throughout the grains are obtained in ferrites slightly deficient in oxygen.
The pores pin domain walls and lower the magnetic permeability. A different pore
structure is obtained in ferrites deficient in cations. In this case the pores are swept
together at the grain boundaries during sintering, leaving behind relatively perfect
crystallites. Very high permeabilities can then be achieved provided the grain size is
large (Jonker and Stuijts 1971).

Microstructure also controls magnetic losses. Substituting Fe2" in Mn-Zn ferrites
raises the permeability but it also lowers the electrical resistivity as the extra electron
hops easily between iron atoms: Fe2  Fe + e-. The increased conductivity leads
to eddy current losses which can be controlled by adding a small amount of silica to
the starting material. During the sintering operation, silica forms a grain boundary
phase which raises the resistance and eliminates eddy currents. This results in a
decrease in the electrical loss tan 8 and an increase in the figure of merit, A/tan 8.

Eddy currents are the most important source of loss at low frequencies (kHz range)
but ferrimagnetic resonance and domain wall damping are the controlling mechanisms
in the MHz range. Mn-Zn ferrites are not used at these frequencies because the Larmor
precession frequency is too low. Ni-Zn ferrites have stronger internal fields and higher
resonant frequencies (10-1000 MHz). This lowers resonance losses in the 1-10 MHz
range. Eddy current losses are also small because of the higher resistivity of the Ni-Zn
compositions, although the permeability A' is somewhat smaller.

Domain wall damping contributes to loss at frequencies just below resonance. To
limit this factor, it is necessary to minimise wall displacements by making the grain
size very small. Hot pressing procedures or the addition of grain growth inhibitors
keep the grain size small and lower losses.

Small grain size is also an advantage in microwave ferrites which operate in the
GHz range. When operated at high power levels, paia,etric excitation of spin waves
becomes the dominant loss mechanism. Reductions in grain size to below 2 A m increase
the power handling capability by several orders of magnitude.

7.5. Permanent magnets

Hard magnets are characterised by high coercive field strength and high remanent
magnetisation (Becker et al 1968). The (BH),,, energy product (figure 30) is used as
a measure of magnetic 'hardness'.

Processing methods to maximise the BH product are magnetic annealing and the
texturing of crystallites by magnetic pressing. Precipitation hardening, superlattice
formation, and work hardening also increase the coercive field by restricting domain
wall movement.

Some oxide magnets utilise particles small enough to have single domain structure.
The oxide powder (op) magnet with composition 3CoFe2 O, • Fe3O, invented 50 years
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Figure 30. Hysteresis in magnetic ceramics.

ago has large magnetocrystalline anisotropy and large magnetostrictive coefficients as
well as small particle size. Overfiring can cause grain growth, resulting in a reduced
coercive field.

One of the most widely used permanent magnet materials is barium ferrite, a
ferrimagnetic oxide with the magnetoplumbite structure. The large Ba2" ions form a
close-packed array with the 0 2- anions in a mixed sequence of hexagonal and cubic
close-packing. Trivalent iron ions occupy three types of sites within the magneto-
plumbite structure: octahedral, tetrahedral, and an unusual five-coordinated trigonal
bipyramid site.

Magnetic interactions between the iron ions take place via the same -Fe-O-Fe-
superexchange mechanism found in spinel ferrites. Four of the twelve irons in
BaFe,O,, align opposite to the other eight, giving a net saturation magnetisation of
(8 - 4 )5 = 20 jus per formula unit. Spin alignments for the various magnetic ions in
the unit cell are illustrated in figure 3 1, pointing out the similarity to the spinel structure.
The saturation magnetisation is also similar to the spinel ferrites, but the crystalline
anisotropy is much larger because of the lower symmetry. In BaFe, 2O19 the Fe3 - spins
are locked tightly to the (001] direction giving a high anisotropy coefficient.

Compared to the best metallic permanent magnets, the ferrite magnets are charac-
terised by a high coercive field (H) and low residual magnetic induction (B,). The
origin of the high coercive field is the high magnetocrystalline anisotropy which locks
the spins into the c axis orientation. Representative properties for the op magnet, and
for barium and strontium hexaferrite are listed in table 1. The ferrites are best used
in applications that take advantage of the high Hc values; DC motors, holding devices,
and magnetic separators. Flexible rubber-bonded ferrites are used as stators and as
magnetic latching devices.

7.6. Preparation and applications

Barium ferrites are generally made by calcining BaCO 3 with BaFe, 2O,9 . The oxide is
then ground to micrometre-size powder, compacted in a die, and sintered at 1200 to
1300 C to about 95% theoretical density.

To obtain grain alignment with a threefold improvement in properties, the powder
is pressed in the presence of a magnetic field before sintering. Barium ferrite has a
platey morphology with the easy axis of magnetisation perpendicular to the hexagonal
plates. The combined action of parallel stress and magnetic field during the forming
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+3{- - -

.74.t.2 - -

Figur 31. Cross section of the magnetoplumbite structure M. with the c axis vertical. The
arrows indicate the spin orientations. The vertical lines are axes of threefold symmetry
and the cross denotes a centre of symmetry. All layers containing barium are mirror planes,
and are denoted by m. The structure consists of spinel-like blocks separated by the layers
containing barium. The asterisk indicates a rotation of a block by 180 ° about the c axis
(St and Wijn 1959).

Tale 1. Properties of remte permanent magnets (Becker et al 1968).

Material 8, (Wm") H ( 0' A m - ) (BH)fi, ( I J m -3 )

BaFet2O1

isotropic 0.22 0.148 4.0
Oriented (high Bi) 0.384 0.160 14.0
Oriented (high H€) 0.32 0.204 10.4
Rubber bonded 0.22 0.sci18 4.4

SrFe10,,
Oriented (high 8,) 0.40 0.176 14.8
Ortned (high Ha) 0.355 0.252 12.0

op magnet
Coo ". Feo 2 F .O 0.23 0.052 4.8

operation produces a highly oriented grain structure with spins parallel to the magnetic
field. To obtain a high remanent magnetisation, it is important to avoid grain growth
during sintering. Silicate mixtures are used as grain growth inhibitors.

The uses for permanent magnets are surprisingly numerous and frequently go

unnoticed. Among the applications are telephones, electric clocks, television, radio,
hearing aids, watt-meters, phonographs, and thermostats. Portable appliances such as

the electric knife, automobile accessories, and the electric toothbrush use low voltage
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DC motors with permanent magnets. In industry, they are used in magnetic separators,
microwave systems, magnetic chucks, and computers.

The design of a permanent magnet is as important as the choice of materials.
Through improved materials and computer-aided design, the performance of permanent
magnets has often surpassed electromagnets in lower cost and volumetric efficiency.
The performance is governed by the demagnetisation curve, the nature of the magnetic
circuit, and the dimensions of the magnet.

The basic function of a permanent magnet is to generate a useful magnetic field
in an air gap. In a well designed circuit, the field is concentrated across the gap with
the aid of soft magnet pathways for the flux.

The applications for permanent magnets can be subdivided into static and dynamic
functions. Static functions include separators, latches, compasses, and chucks where
the magnet gives a mechanical force, and magnetrons and beam-focusing devices in
which the magnet controls an electron beam.

Dynamic devices generally involve electric to mechanical energy conversion.
Examples are microphones, phonograph pick-ups, telephone bells, and loudspeakers.

. Summary

In this brief review, many interesting topics in electroceramics have been omitted or
given only cursory attention. More complete discussions can be found in the recent
books edited by Buchanan (1986) and by Levinson (1988).

An overview of structure-property relationships in electroceramics is given in figure
32 which illustrates the various atomistic mechanisms utilised in ceramic circuit com-
ponents. Multilayer capacitors, piezoelectric transducers and -rc thermistors make

Serroetectric Electratc Surface
domains conduction conduction:
CapaCitors and NTC wmito humidity
plezoetetrsctics 7nruL~t sensor

Orce thermistor [ad substrates

Lh ---- --- "

Ferri magnetic Ia€ Grain
domains: conduction: boundary
ferrite hd ga sensors oheftllna:
ad soft mngnts and batteries
magetc tax Varistrs.

bounidary
layer

Metal - smconductor capacitors,
trasition : crilcai, Prc them ttors
tloopt urf NYC

Figure 32. An overview of the various atomistic mechanisms involved in electrcunmmic
components.
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use of the properties of ferroelectric perovskites with their high dielectric permittivity,
large piezoelectric coefficients, and anomalous electric conductivity. Similar domain
phenomena are observed in ferrimagnetic oxide ceramics such as NiFe2O,. Hard and
soft 'errites are analogous to hard and soft Pz-r, and have found substantial markets
in magnetic tape and electric motors.

Several kinds of mechanisms are operative in thermistors and other ceramics used
as sensors. Most are based on changes in electrical resistivity, but the causes are
different. The critical temperature thermistor involves a semiconductor-metal phase
transition. -4Tc thermistors make use of the semiconducting properties of doped
transition-metal oxides. Ionic conductivity is used in oxygen sensors and batteries.
Stabilised zirconia is an excellent anion conductor, and 6-alumina is one of the best
cation conductors.

Humidity sensors make use of surface conduction. Adsorbed water molecules
dissociate in hydroxyl in hydronium ions which alter the electrical resistivity.

Grain boundary phenomena are involved in boundary layer capacitors, varistors,
and Prc thermistors. The formation of thin insulating layers between conducting grains
is crucial to the operation of all three electroceramic components. Lastly, the import-
ance of electroceramic insulators and substrates should not be overlooked. Here one
strives to eliminate most of the interesting effects just described, but this is not always
easy.
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Plesoelectric and E|lctrostrc ve Senson and Actuators or
Adaptive Structures and Smart Materials.

L Eric Cross
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Aboth in sensitivity and in phas so u to distinguish in one

For stress, vibration, and acoustic pressure sensing cue global from local noise sources, and in another case. to

piezoelectric and electrostrictive ceramic and composite do beam steering and beam focusing from a static array

materials provide unusual versatility. In this tilk the design structure. Several different types of electrostrictive systems

principles for piezoelectric composites will be briefly offer the possibility of polarization controlled
reviewed and the immense advantages possible in piezoelectricity with exceptionally large induced

ceramic/polymer composites highlighted. Polarization piezoelectric dij and coupling coefficients kij. In several of

biased electrostrictive compositions are shown to give these which will be discussed, the polarization has
interesting switchable transduction capability both for remnance so that by charge control, specific phase and
receiving and sending modes. In actuator systems, the sensitivity can be induced and remains remnant over ong
evaluation of multilayer actuator materials will be traced periods. Both switching speeds and decay character will be
and new possibilities for ultra high strain materials discussed.
explored. Agan. the theme will be electric polarization In actuator systems the potential application areas are
control to exploit the major dimension changes which occur much broader, ranging from the very simple "drop on
in micro-domain to macro-domain and antlferroolectric to demand' actuators for ink jet printers to the highly
ferroelectric phase transitions, sophisticated and procis position control actuators for

In the composite systems. a very logical extension of large-area. surface-deformable mirrors. The demands
current work is to examine possible systems which could encompass a very widt range of force/displacement
incorporate both a sensor and a responder in the same requirements and widely different precisions and
material together with active solid state electronics coupling reproducibility needs. tn this paper the focus will be upon
the two elements. Preliminary data is presunted for a the materials available and characteristics which can be
piezoelectric sensor/actuator combination which mimics an achieved. For large shape chanse (beyond 0.1%) it is
ultra soft material (five times softer than rubber) for weak essential to begin to manipulate the spontaneous
AC stress. but has the properties of a stiff ceramic, even polarization in ferroi crystals. Several techniques or
under very high DC pressum encompUsing such polarization controlled systems will be

Possible extensions of this comept to other types of examined. At very high levels repeated switching of the
smart systems' am briefly reviewed, stain leads to fmigue and possible origin for the fatigue will

be briefly examined.

i. nw The switchable agile transducers represent one
Over the lat decade increasing interest has bn family of "sman" solids in which the piezoelectric response

evidenced in soer symem to deoe sob-sost W acoustic, is under control from the polarization stew induced. A
and ultrasonic waves. At the low frequncy end of the second type of smart solid Is a logical next step in the
spectrum. Navy needs for ever more snstive and larger composite approach in which both sensor and responder are
area sensors has pushed new developments in book polymer coupled in the materials with embedded solid state control
and ceramic/polynmer composite systems. At higher electronics. To demonstrate the principle a piezoelectric
frequencies, the eleetroaidmca cosmunity has needs for sensor/actuator combination which permits the control of
very high receive sensitivities so that ultrasonic str0 the elastic compliance 533 is examinsd. Using a negative
levels may be kept well below the threshod for tiss feedback from the sensor, which cases the actuator to shirk
damage. In the electromndical field also. complesn offer its three dimensom under a 33 stress (X3 3 ) applied to the

significant advantage boh in receive and sending modes. sensor. arp stran can be induced by very small stress
For the larp sensor arrays in use in boh fields It becomes mimicking the elastic popety of a very soft solid In the
impontns to explore simple ways of switching transdocer demonstration experiment discussed, the amplification is



such that the compliance S33 is lagrer than that of a soft
rubber and is maintained over the frequency range from 10 _-_

to 150 Hz. Since the sensor is piezoelectric. DC pressure does U

not give feedback and the sensor/actuator stack just displays : 3.000 Y SK (VERY STIFF)
the property of a stiff ceramic. LAMM P FLUx AT "w P IF[a Low F LU Ivan A? GM,

2. PIEZOELECrC AND E.C OSTRICTIVE SENSORS. -vm. 2 E"
For many sensor systems which are based upon the S l 0 K . . ; 0

transduction of stress to electric signal using a piezoelectric

solid it is possible to develop a figure of merit for the

materials parameters of the piezoelectric. A typical example U 00, sZ/1 30v10,1 y M:/

would be the figure of merit for sensing weak hydrostatic

pressure waves which takes the simple form I, I,
F a dhg/tan S. Where: UMIOMM s,1 !: 2.10"1 "2/m 4-__s11 .
F is the figure of merit which should be as large as STRAIN S m As PZT 4EEU

TAKIS THE LOAOD As PYT

possible. A4 OLMESTi CQD

dh is the hydrostatic piezoelectric charge coefficient. COMPUMENeAIM :I1LACTRIC AM

sh the hydrostatic piezoelectric voltage coefficient. ESTic haprs

tan 8 the dielectric loss tangent in the piezoelectric. Fig. I Contrasting dielectric and elastic properties in series
For uniaxial poled ferroelectric crystals or ceramics and parallel combinations of PZT ceramic and a polymer.

or the PVF2 copolymer with PTME. The non-zero d and A rather simple qualitative w
constants are: way of describing

0 0 0 0 dis 0 0 0 0 0 Sg, 0 connectivity for a two phase system is the simple cubes
0 0 0 d1 5  0 0 0 0 0 g1 5  0 0 model of Newnham et ai(1 . 2. 3) illustrated in fig. 2. The

d3 1 d31 d3 3  0 0 0 S3 1 g31  933 0 0 0 proposed notation indicates the presence or absence of

connected area for flux along any of the three orthogonal
Thus dh = d3 3 +2d 3 1  gh d33 + 2d3 1 axes. where, by convention, the piezoelectric phase is

described first. Connectivities which are of most interest in233
hydrostatic stress sensors are 0:3, 1:3. and 3:3. For actuator

so that F A dhg b = (d3 3 + 2431)2 systems, the 2:2 connectivity is most important.
too 6 e33 tan

TO maximize the figure Of merit it is Clear ftht one
would wish to maximize certain tensor components to
minimize others, and this is tree for moat sensing

applications.

In a monolythic single Phase material, the non~zero
constants am set by the symmenY and their magnitudes by
the nature and arrangements of the conitituent atoms. in acomposite however the mean constants can be modified by 1-3.ts .

the mutual arrangement of the componnts and the fields

and fluxes can be steered to desired paths by the self-

connectivity of the compliant component. For polymerIPZT

ceramic composites the flux steering can be particularly

effective since the polymer is dielectrically stiff but 3.3 Iwo

elastically compliant, whilst the ceramic is just the Fig. 2 Ten dlffernt connectivity pattern of a diphasic
converse, i.e.. elastically stiff but dielectrically highly solid.
compliant (fig I).



Many different ways of fabricating polymer/ceramnic fact enhances the It, and since at the same time this
transducers using different modes of connectivity have improves the impedance match to tissue and reduces the
been explored and are illustrated in Rig. 3. and the sort of system Q. the composite has significant advantage.
improvmet in the simple hydrostatic figure of merit dhgh

which can be obtained is demonstrated in fig. 4. which

compares a range of two phas composites to the best single

phase materials.

__ - Fig. 5 a. 1:3 PZT polymer composite transducer.
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Fig. 7 Strain vs field curves for PUZT compositionls close to
the morphotropic phase boundary showing verY high

a induced piezoelectric effects.

ausIP1*.* Examination of the strain/field curves (fig. 7) show

exceedingly high slopes at zero field yielding d3 3 values up

to 2.500. Switching times in these ceramics ame short (-1-5 gt

a 4..~.t..,z~tti,.ioseconds) and the remnant state set up by a switchable pulse

persists (fig. g).(7) Studies are now wnder way to explore the

high frequency behavior and the construction of arrays of
Y ZtlmC ISOI-I

elements with tunable d constants.

Fig. 6 Deformation x3 vs electric field E3 in PMN:PT relaxor
ferroelectric ceramic showing induced piezoelectric d3 3
compared to a soft P'ZT.

Clearly. on this curve. the slope at any Point (5, 3 3IaE) is just 06Lt=

the piezoeletric constant d3 3. Three features are of. major

interest.
(1) The maximum slope which occurs for fields near -

3.8 ky/cm gives d33 .- "lJ00- more than three times the value

of a good soft PZT.
(2) At =10 bias the slope is zero so that d3 3 =O 0- s, to 5 O is

(3) Dy reversing the bias, the sign of d33 is changedTI I%

and thus the phase of a transmitted or received signal is Fi.8aRentporzton ferulestcng
inverted.

Fig. 6 is a near-static curve taken at 1/10 Hz. but

measurements have now been made over a wide field range

and confirm that the high values of d3 3 persist to high

frequency.( 6 ) in these polarization biased electrostrictors it of i

is expected that d33 o 2 QII P3 C33 and this relation is in fact 0

found to be in good agreement with the measured d33 values. 0

In the lead lanthinuni zirconate titanate (PLZT)

family it is possible to ind unusual electrostrictive solids

which can be switched electrically into a series of polar swiche

states which persist remnantly down to zero field. However. - O4. 0.00 34.00

unlike simple ferroelectric ceramics these materials exhibit ~

double loops and can be switched back to a zero Polarization

stage. Fig. 8 b. Magnitude of remnant strain as a function ofswthdcharge Pr.

K[~ 1X11"3. ACTUATOR MATERIAL.S.
W 14 . 'MFor conventional piezoelectric actuators which use

compositions in the lead zirconate titanate (PZT) family it is

possible to establish load lines (fig. 9) which exhibit the

trade-off between displacement and force for any given

~ driving field.

LM- LpC.4 rV. 9py.P.
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O -"Fig. I1 Effect of dead spain capacitor type structure upon
10 20 30 actuator performance.
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Electrode pickup is more complex in these actuator

Fig. 9 Ld lines for PZT and PMN:PT type pezoelecrc structures than in the simple MLC (fig.ll) as the dead space

actuators. which can be used in the capacitor leads to large unwanted

shear stress concentrations and consequent failure. For the

It is evident that the transducer can generate very large stacked actuator a number of different inethods have been

forces -30 I 106 N/n2. but only rather small displacements - used to provide strain amplification. A simple lever system

10 irm/cm for field levels of the order 20 kv/cm. To avoid used by Nippon Electric Company in their dot matrix printer

high terminal voltages it is necessary to make the actuator is delineated in fig. 12.

very thin. i.e.. E - VId. so that to keep V tractable d must be

made very small, and the actuator made up from a stack of

clectroded sheets (fig. 10).

Electrode

Interumation

Insulator

Fig. 12 Strain amplifier used in the NEC actuator for a dot
matrix printer.

(c)
(a) (b) '

For the simple piezoelectric or electrostrictive
actuator strain levels are limited to order 10 3. If. howevr.

Fig. 10 a. Typical stacked single sheet actumm. one looks at the spontaneous strains which occur at the
b. Capacitor type structure, phase change into the ferroelectric state, i.e.. strains
c. Actuator suscture, induced by Ps. the spontaneous polarization, they reach up

to mor than 10% in some systems. It may be argued from

In some actuators the stack is assembled from simple fracture mechanics that strains of order 0.1% would
individual sheets which must be lapped and polished and be the upper limit for brittle solids like the ceramic
electroded before assembly. More recently the techniques actuators, however, it must be remembered that unlike the

used by the multilayer ceramic capacitor houses are being normal fracture mechanics situation, the electro-elastic

adapted to produce tape cut sheets of aree ceramic which strains are generated at ZERO STRESS by internal body

can be co.fred with integral electrode structures. forces. Thus if the polarization change can be engineered to
be continuous and homogeneous there is no intrinsic reason

that largr strains should not be engendered.



Polarization chapg mechanisms which could be used- -- - -

in ferroelectric crystals and ceramics to control INWI 0 S11 J A3

eliectrostrictive strain are delineated in Table I in la ____ Za*3 -~ L 2
14W 11 it = Ai M ' a 21 74 1.9 .2

increasing order of the polarization change, and thus of the 'AM. 1 I= X0 - 3 - 1 "1 -,

induced strain. Mr~l m ~ .sh J_ V__. 37 6

=- _L n 1.1 .l2. 39
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0c tl lduied pallztle Chie in Poled Ceramic

C-0 F-Pil Ared: P1 4 @aL Table 2 Maximum longitudinal xl and transverse xt strains

Unsabole two strode State ("" gling igo of Pill. for a family of PUZT ceramics with compositions close to the
o MPB.

I~ - a P. e e P us E tiststic in table 2. maximum strain realizable for a range of PLUT
Stem a Sir" staeete

,.1,10)Fied frcedPhe* Can"compositions are given. For these compositions the strain is
I. lt F~ld frce Plise CeepPolarization controlled so that charge control rather than

E a 0 a .~ P us [ Oevage Httstorotic field control must be used. The actuator however has the

(0 tFil Force oit he S*l advantage that the strain state can be set by a very short

It) Flud V Ieread Pmete NOboeg current pulse w hich w ill bring the actuator to a precise

UiM w Strai stat UaeiPosition where it will remain in a remnant state until

Uui~S WO trie 5040updated by another Positive or negative current pulse. For

large systems then, a whole bank of actuators could be

Table I Polarization change mechanisms which can be used sevcdb n Po rsupyi a"il-dslcmnt

to control electrostrictive strain, mode.

The type B which uses the induced polarization change in a Frat ereeti ofrolcrcsicig h

relaor errclecriclik PMNPT s nw wielyuse in major advantage is that the induced strain is primarily a

optical systems such as surface deformable mirrors(g) volume strain which is far less disruptive than the

wher th stble erofied dmensonsandverylowthemal predominantly shear strains of the straight electrostriction.

expansion are critical and make up for the complexity of a ComTofailys arec docueteen ta einte moife

non-linear strain vs field relation. The conventional poled P~Tfml mdcmne ntbe3

piezoceramic (type C) is certainly the most widely used in

actuators, with many companies using proprietary soft PLTmeCMOM

compositions or PMN:FT with enough lead titanate to induceA 3.*

teferrOelectric phase. The disadvantage for such materials br2 tuninsC)

is that Slow aging associated with internal re-arrangement

of the Poled domain structure leads to a continuous drift of ftOUW T1 'iO"J3

dimensions so that servo-control is essential if these 7 P."P T.VMI1

actuators are to be used in precise position control. 4O ",z , 1nP
Recent studies(9* 10 ) have focused upon micro to

macro domain polarization change in PUZT compositions., bI.WS4I S P

and upon antiferoelectric to ferroelectric phase change in 10 Ph VA SO& WTI 3nVP

lead zirconate titanate stannate (PLUMZT compositions.
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Table 3 Compositions in the PSnZT family examined for
antiferroelectric to ferroelectric switching. < 7

W7

their induced polarization changes are sketched in fig. 13 -

and the associated strain in one composition is shown in ig. Fig. 13 Schematic of the types of hysteresic behavior

14. Strain levels up to 0.8% can be achieved in the observed for the compositions delineated in Table 3 and theirapproximate location on the phase diagram.
antiferroelectric:ferroelectric switching but the electric

fields required are high.
,
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Table 4 Strain levels and switching fields for the
compositions in the PSnZT system given in Table 3. Fig. 14 Dielectric hysteresis and normalized transverse

strain as a function of the number of switching crystals in a
PSnZt composition.

For actuator applications these compositions will be of most 4. SMART MATIERIALS
interest in pumping ad in injection applications such as In this paper, the term smart material is used to

ink jet printing, diesel engine control, fuel injection. etc., delineate a material or composite in which the response

and for actuating hydraulic control systems and hydraulic function of the material can be controlled either in
amplifiers. response to the environment or by some externally applied

signal. On this dflfiton. it is clewr that the PMN:pT nedaxor

ferrelectric described in section 2 is smart in the sense that

its piezoelectric response either for sensing or for sending

ultrasonic pulses can be controlled by an externally applied

"I



bias field. with the response being field tuneable both as to
Fig. 16 Test structure for the elastic compliance controlphase and amplitude. composite.

Mor generally, the type of material envisaged is a

composite which encompasses a sensing element. a compact The coupling between the two being via a soft rubber

solid state electronics package, and a responder element, gasket. The upper actuator is driven by an AC signal to

Thus, the material itself is really an adaptive control system produce a reciprocating stress wave. The upper sensor

in which the "smart function" is primarily the determines the stress level whilst the lower combination

responsibility of the electronic package which controls the provides compliance control. With the amplifier switched

response to signals incident upon the sensor. A particular off, the stress level monitored by the upper sensor is set by

example which has been the subject of research in our the soft rubber which is the most compliant element in the

laboratory is a piezoelectric sensor/piezoelectric actuator system. However, when the lower amplifier is turned up the

combination (fig. 15) interconnected by a small (millwatt) sensor reading drops at maximum gain by a factor of more

linear amplifier, than five. indicating that the compliant stack is now more

SENS RESSthan five times softer than the rubber (fig. 17).

AMPLIFIER .0 -iaL ,.vgncx

oJa
ACTUATOR

Fig. 15 Schematic diagram of the sensor/actuator
combination for an elastic compliance control composite. OC

The objective of the exercise is to develop a combination of 0.4

stiff pressure insensitive materials which could mimic a

highly compliant rubber for very small AC stress, i.e., a o.a

system with very large compliance S33. 1aa

Conceptually, the combination is particularly simple, I ,oo 10o8

but effectively illustrates the more general principle. For a FlQuINCY

small AC stress, the piezo-sensor detects an AC voltage which

is amplified and applied to the actuator in such a sense that Fig. 17 Stress levels recorded in the pressure sensor of fig. 16
with and without feedback.

when the stress is increasing the actuator is shrinking its The tuned source could be moved over the range from
three-axis dimension. For a suitable gain then, a small 10 Hz to 150 Hz which was the passband of the feedback

amplifier without changing the effective enhanced
positive stress gives rise to a large positive strain, thus compliance.

mimicking a highly compliant solid.

To test the concept, two identical sensor/actuator Preliminary tests show that the high compliance is
combinations were fabricated and mounted in a rigid Jig maintained over the frequency range from 10 Hz to 150 Hz.

(fig 16). limited by the pass band of the amplifier used. Clearly since

_____the sensor is a piezoelectric ceramic, it does not respond to

DC pressure, and the stack behaves as a normal rigid ceramic
ORIvER STACK under DC loading.

PRSR SFrom this simple experiment it is natural to speculate
P:REURV GSET as to the possibility of more refined compliance control, for

example in fig. 18, the possibility of using a non-linear

F--O dCK amplifier to give non-linear elastic response (fig. l8b) or a
AMPLIFIER tuned amplifier to give high compliance at a single

frequency(fig. 18c) or a phase shifting amplifier to raise

COMPLIANT the imaginary pan of the compliance (fig. l8d).
AERSPONORFRAME STACK



described. A logical extension of the composite work is the

M oSnMo MMGF LAMevolution of families of "smart materials which incorporate

sensor and responder functions together with solid state

interconnect electronics into the material. To illustrate the

.0i :1 principle a simple piezosensor/piezoactuator system for

active elastic compliance control is briefly discussed. With

this combination it is possible to mimic the AC performance
of a very soft rubber whilst maintaining the load bearing

*e 4a MU~M" w capability of a stiff ceramic.•tt WPal M W f"d mmWln a e 0".1cm

• cm Immn o . IOu.
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SMART CERAMICS

R. E. NEWNHAM. 0. C. XU, S. KUMAR and L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University.

University Park, PA 16802

(Received January 15. 19NI)

Recent progrs. in the integration and minialurization of elctroceramic conponcnts has led to the
development ol multipurpuve clctroni, packa$ub containing complcx thrcedimensional ctrcuitry. At
the same time. a wide variety of sensors. transducers. and actuatour have been labricatcd for automotivc.
military. and cosuner electronics applications. By bringing together the ceramic sensors and ceramic
actuators in niultlycr packages. a new generation of smart ceramics can he developed.

INTRODUCTION

Webster's dictionary gives several definitions for the word SMART, including "to
fcel mental distress or irritation", "alert, clever, capable", and "stylish". All three
meanings are appropriate to the currently fashionable subject. "Smart Materials".
It causes one mental distress to think a ceramic can in any way be smart but with
the help of u feedback system it is possible.

The Piczoe,:lcctric Pachinko machine illustrates the principle of a smart material.
Pachinko Pirlors with hundreds of vertical pinball machines are very popular in
Japan. The Piezoelectric Pachinko game constructed by engineers at NipponDcnso
is made from PZT multilaycr stacks which act as both sensors and actuators. When
a ball falls on the stuck the force of impact generates a piezoelectric voltage. Acting
through a fedback system. the voltage pulse triggers a response from the actuator
stack. The ,tack expands rapidly throwing the ball out of the hole, and the ball
moves up : spiral ramp during a sequence of sucn events. Eventually it falls into
a hole and begins the spiral climb all over again.

The video tape head positioner operates on a similar principle. A bilaminate
bender maue from tape-cast PZT ceramic has a segmented electrode pattern di-
viding the sensing and actuating functions of the positioner. The voltage across the
stnsing el -trode is processed through the feedback system resulting in a voltage
across the positioning electrodes. This causes the cantilevered bimorph to bend.
following the video tape track path. Articulated sensing and positioning electrodes
near the tape head help keep the head perpendicular to the track. The automatic
wan trackiig system operates at 450 Hz.

These tw ) examples illustrate how a smart ceramic operates. A smart material
senses a change in the environment, and using a feedback system, makes a usefiul
res ponse. It is both a sensor and an actuator.

The definition can be extended to even more clever materials. A very smart
material senses a change in the enviroment and responds by changing one or more
of its property coefficients. Such a material can "tune" its sensor and actuator fUnc-
tions in time and space to optimize behavior. The distinction between smart and

Igo 41146 UP 1110.10Al ~f
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very smart materials is essentially one between linear and nonlinear properties.
The physical properties of nonlinear materials can be adjusted by bias fields or
forces to control response.

The difference between a smart and a very smart material can be illustrated with
piezoelectric and electrostrictive ceramics. A plot of strain as a function of electric
field for lead zirconate titanatc (PZT) and lead magnesium niobate (PMN) ceramics
is shown in (Figure 1). PZT is a piezoelectric ceramic in which ferroelectric domains
arc aligned in a poling field. Strain is linearly proportional to electric field in a
piezoelectric material which means that the piezoelectric coefficient is a constant
and cannot be electrically tuned with a bias field.

PMN is not piezoelectric at room temperature because its Curie temperature lies
near U°C. Because of the proximity of the ferroelectric phase transformation, how-
ever, PMN ceramics exhibit very large electrostrictive effects. As a result a large
nonlinear relationship between strain and electric field is observed (Figure 1).
Electromechanical strains comparable to PZT can be obtained with clectrostrictive
ceramics like PMN, and without the troubling hysteretic behavior shown by fer-
roelectric PZT. The nonlinear relation between strain and electric field can be used
to tune the piezoelectric coefficient. The piezoelectric d33 coefficient is the slope
of strain-electric field curve. Its value for PMN is zero at zero field and increases
to a maximum value of 1500 pC/N (about three times larger than PZT) under a
bias field ot 3.7 kv/cm (Figure 1).

STRAIN _ %

0L9PMN-0.1 PT@
-. ft(M90.3NbATiO)O 3

//

/ /

//

d33-1009~
AT 3.kV/cim 2 -PZTP(ZrwTIO.l03

/20 10 /0 10 20
ELECTRIC/FIELD (ky/cm)l

/

FIGURE I Elctromcchanical coupling in cleatrostictivc (PMN-PT) anti piezoeectric (PZT) ce-
rain cs.
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There is another type of very smart material which makes use of a phase change.
Transducers made from certain compositions in PbZrO,-PbTiO3 -PbSnO. ternary
system display electrically induced transformations from an antiferroelectric phase
to a ferroelectric phase.

The ferroclectric phase is favored under high electric fields because of its large
spontaneous polarization. The phase change is accompanied by strain changes of
10 ' which are very large for a ceramic. Dielectric and mechanical hysteresis loops
are shown in Figure 2. Bistable behavior can be achieved by working with phase
change materials.

Eventually. of course, we would like to include a feedback system within a smart
ceramic, but there seems to be no simple way to do this at present. The integrated
ceramic circuitry being developed in the Penn State Dielectric Center may provide
a method of doing this in the future. Another approach is to deposit ceramic films
on silicon chips. Limited success has been achieved with lead titanate and lead
zirconate-titanate films on silicon for long-term ferroelectric random access mem-
ories (FRAM). By utilizing these ferroelectric films as sensors and actuators, a

P

E, a31 kV/cm -

Ps '31 j;C/cm"

WSTERESIS
ff LOOP

LONGITUOINAL STRAIN

1.5. 10-3

TRANSVERSE

STRAIN

ELECTRIC FIELD 0 36 kvcm

FIGURE 2 Eletnrical and clcctrmethancal hybseresis in (Pt ,La,., (Zrr. ,,T,, ,ISN, ,)O, ccr&mut.
with antiferrucletrnc-.lrrumkr phaw chanp.
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family of extremely intelligent materials could be obtained in which the feedback
electronics could be fully integrated in the material. The time is not tar off for such
intelligent composites.

Ceramic Sensors and Actuators

More than thirty electroceramic sensors are used in recent automobile models. The
1987 Nissan Cedric has PZT piezoelectric knock sensors, barium titanate raindrop
sensors, NTC thermistors for sensing the temperature of cooling water and exhaust
gas, zirconia air/fuel oxygen sensors, zinc oxide blower motor varistors. aluminum
phosphate dew point sensors, and more than twenty other ceramics with an elec-
trical function. As shown in Table 1, these sensors involve several different physical
principles. Many of these are part of smart systems but have yet to be utilized as
smart or very smart materials because they have not been used as actuators or
responders.

When considering actuators, the piezoelectric devices listed in Table 11 come to
mind. Under electric excitation the piezoelectric material changes shape. causing
the adjacent material to move, whether it be solid, liquid or gas.

This is the physical principle of speakers, ink jets. and micropositioners. But the
word actuator can be used in a more general sense to include other types of response
such as display, signal transmission, magnetic or electric field modification, and

TABLE I
Ceramic Sensors

Chemical
Sensor Type Composition Active Property

Oxygen Zr, .Ca,O, , Bulk Ionic Conductivity
Humidity MgCr2O,-TiO. Surfacc Ionic Conductivity
Acidity IrO.-, Surface Chemical Reaction
Pressure Pb Zr, -.,Ti,O, Piezoelectriciy
Temperature Pb Zr, -,Ti,Oj Pyroelctricity
Voltage ZnO-Bi'O' Grain Boundary Tunneling
irTC Thermisior 8a, -,CeTiO, Grain Boundary Transition
NTC Thrmastor Fe, -,'ri,O, Bulk Electronic Conductivity
(. Thermistor VO. Electronic Pha.e Transiormation
Chemical ZnO-CuO Surtace Electronic Conductivity
Optical CdS Photoresstance

TABLE II
Actuator Applications

Tracking Optical and Magnetic Heads
Drivers for Relays and Switches
Wire-Dot Pnntcers and Via Punches
Fuel Injectin Valves
Adaptive Optic Systems
Microposutioners for Rotis and Machine Tools
Conic Vibrators for Speakers
Fans and Conical Air Movers
Ink Jet Printers

EPS #8819 Paper Ref. No. IUS-20
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thermal control. Hundreds of possible sensor-actuator combinations are possible
when a matrix of electrical, mechanical, magnetic, optical and thermal phenomena
is considered. In the following section we describe a few possible applications of
smart materials to underseas systems. Electromechanical actuators for compliant
walls or ink jet configurations capable of injecting polymers, microbubbles or
pressure bursts appear to be of special interest for reducing turbulence in the
boundary layer.

Controlled Compliance Experiments

Smart materials capable of responding to pressure or temperature changes are
expected to have several interesting industrial and military applications. A "smart
skin" which can reduce flow noise and streamline the flow of moving liquids is of
special interest in chemical engineering and oceanographic applications. Such a
skin might consist of a piezoelectric sensor together with an electronic feedback
system and an electrostrictive or a piezoelectric actuator designed to counteract
turbulence (Figure 3).

in a demonstration experiment we have shown that for external pressure fluc-
tuations. the smart material can become more compliant than the medium in which
the pressure variations take place. This has the direct consequence of reducing
acoustic reflection from the surface of the smart material.

In our test experiment (Figure 4), one actuator is used as a driver (noise source),
and the other as the responder. PZT disks are used as the actuator elements.
Sandwiched between the two actuators are two sensors and a layer of rubber. The
upper actuator is driven at a frequency of 101 Hz and the vibrations are monitored
with the upper sensor. The pressure wave emanating from the driver passes through
the upper sensor and the rubber separator and impinges on the lower sensor. The
resulting signal is amplified using a low noise amplifier and fed back through a
phase shifter to the lower actuator to control the compliance.

A smart sensor-actuator system can mimic a very stiff solid or a very compliant
rubber. This can be done while retaining great strength under static loading, making
the smart material especially attractive for underseas applications.

To illustrate compliance control, consider the case of a positive pressure pulse
incident on the lower sensor of the test experiment (Figure 4). The sudden increase

SENSOR STRESS

" FEEDBACK

_ _ AMPL.IFI ER

-'"ACTUATOR

FIGURE 3 Smart pitoceramic material for supporting smart skin.
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FIGURE 4 Te& expenmen for evaluating smat matenals with controlld compliane.

in pressure results in a voltage pulse being fed to the amplifier and lower actuator.
If the phase of the feedback is such that the actuator expands in length then the
sensors will be further compressed. leading to amplified oscillations. Under these
conditions the responding actuator is acting like a very stiff material since its motion
prevents compression by the positive pressure pulse.

On the other hand, if the phase of the feedback voltage is adjusted to cause the
responder to contract in length rather than expand, then the smart material mimics
a very soft, compliant substance. This reduces the force on the sensors and partially
eliminates the reflected signal. The reduction in output signal of the upper sensor
is a measure of the effectiveness of the feedback system. As shown in Figure 5,
we can reduce the compliance of our actuator-sensor material by a factor of six
compared to rubber.

Sman Composite-Composim

No single piezoelectric material possesses the optimum properties for send-receive
transducers, and the statement is probably true for sensor-actuator devices as well.
Putting together the best sensor with the best responder makes a lot of sense.
During the past year we have been experimenting with the send-receive transducer
shown in Figure 6. It is a four-layer device consisting of a polyvinylidene fluoride
piezopolymer, a 3-3 fried PZT-polymer composite, a poled PZT ceramic, and a
0-3 tunpten-polymer backing layer. In connectivity notation the transducer can be
described as 2-2(3-3)-2-2(0-3). Metal electrodes are inserted between all four layers
to give control over the three piezoelectric layers.

There are several interesting properties of this transducer. The acoustic imped-
ances are graded from the stiff PZT ceramic to the PZT composite to the compliant
PVDF polymer. This eliminates much of the reflection loss in transmitting ultra-
sound from PZT to water. A second possible advantage is in interrogating the

ft #119 Pap Ref. No. IUS.20
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FIGURE 5 Reduced subsonic rcfiectance from smart piezoceramic experiment in Figure 4.

PIEZOPOLYMER

TRANSDUCER
CObIPMSITE

p PIEZOELECTRIC

.OMPOSITE
BACKING

FIGURE 6 Compoute-composte transducer for scnd-receive sonar transmis.lon.

outgoing signal and comparing it to the return signal. With the PZT as transmitter
and the composite and polyvinylidene fluoride layers as sensors, the outgoing beam
can be sampled as it leaves the ceramic. Since no two transmissions are identical,
it is important to monitor the outgoing signal in order to calibrate the intensity
and frequency spectrum of the return signal.

Based on the physical properties of the constituent materials, the equivalent
circuit of the trilaminate composite transducer has been established. The frequency
response of transmitting, receiving and voltage transition gain for different layers
and their hybrid connection have been computed and compared with the experi-
mental results. The frequency response of the composite transducer is considerably

EPS #619 Paper Rot. No. IUS-20
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improved by changing the connecting modes between the layers. Experimental
results show that different layers make different contributions to the frequency
dependence of the sensitivity. The transducer impedance, sensitivity and bandwidth
can be adjusted according to the application.

CONCLUSION

During the next decade, we can expect to see a large number of smart ceramic
devices combining ceramic sensors and actuators in multicomponent multifunction
packages. Through feedback systems. these devices will be capable of responding
to changes in the environment by means of linear and nonlinear actuators.

MS #S19 Pp Roef. No. IUS-20
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A sensitive double beam laser interferometer for studying high-frequency
piezoelectric and electrostrictive strains

W. Y. Pan and LE. Cross
MatunaisRearch Labcwooy The Pennsylvania Swe Urnwrrr, Univrmty Park. Pennsylvania 16802t

(Received 14 February 1989; accepted for publication 17 April 1989)

A double beam laser interferometer is built up to study high-frequency piezoelectric and
electrostrictive strains. The system is capable of resolving a displacement of 10-'A using lock-in
detection and measuring the strain all the way to the piezoelectric resonance frequencies using a
digital oscilloscope for detection. The interference of sample bending to the detected signal is
effectively avoided.

INTRODUCTION wie W we dou maium and minmu inter-

The study of piezoelectric and electrstrictive properie of %%* can be measured from the in-
materias involves th maue nt o strainidue by the um blwaotthacsgl
external dfrivin focs Thr am seea mehd In anbwdps acsga
used to measure the strainis precisely. Amonng then mtaft e .s Ut AGO ishe earlier work.S The change
the la interferometer technique isthe mot anwl, , OM the viotion of the two sample
More recently, a laser interferometer wa bujilt in 4isi h~s dase simultaneouly. The system is
tory which is capable of resolving an sc electric fid ismin d~ fth rero 1
displacement of the order of 10' A-' However, there as t j. iu d-mi Wmm the displacement is greater than
still two drawbacks with this system First, the driving bw L' -m be dsMM ursa hMgh bandwidth oscilloscope.
quency of the electric field is limited to about I kliz. sow the ribp-tnre l h a t h ibe
which the "back motion" significantly reduces the 1 o -ece bati wnefequesicies. The interference of the sample
displacement In this techinque. only one of the two ampl e ndn eiec thed detected signal is efiectively avoided.
major surfaces is facing the probing lae beam while the
other is bonded to a sample holder. Under the ac driving
electric field, the sample deforms repeatedly due to the pe- 1. DOUBLE BEAM AC STRAIN MEASURING SYSTEM
zoelectric and electroetrictive effects. As a result, the center
of mass of the sample oscillates along the direction of the A. Optic systee
beam. Under high driving frequencies, the force needed to The schematic drawing of the double beam laser inter-
support the sample is so large that the bonding material is feroweter as well asthe electronic system is shown in Fig. I.-
not rigicl enough to prevent the sample from moving against The incident laser beam is split into two beam by PBSI
the bonding material. If this occurs, the displacement detect- (PBS: polarized beam splitter). The beam polarized verti-
ed is less than the total displacement Using a more rigid cally is reflected to the reference arm and that polarized hon-
bonding material is not a good solution becae it tends to zoutally is transmitted into the probing arm. The lase used
produce clamping in the transverse direction. The second here is a polarized laser with a rotatable plane of polarization
drawback is that a bending effiect may occur if the sample Is (Spectra-Physics StabiliterhE, Model 124 A Helium-Neon
not properly bonded, causing the detecte displacement that laser). Since the light intensity lose in the probing arm is
is significantly large than the displacement due to the defor- much greater than that in the reference arm the plane of the
mation of the sample. Thus, a further improvement to over, polarization of the lase is rotated to increase the intensity of
come these drawbacks is necessary. the beam enteringinto the probing arm until the two beam

The basi principle of the lase interferometer is that, for are equally intense at the detection plane. The visibility of
a monochromatic light of wavelength A interfering with a the interference. (J,. - I,, /4~+ I.,). is improved
reference beam the interference light internsity at a detection this way. In the probing arm, the beam first hits the sample
point is surface, then bounces back with the plane of polarization

I-I,+ I + 2~II em4~AdA),(1) rotated by the quarter wave plate to the vertical direction.
-1, 1,+ 2TTcos(r~dA),(1) Therefore the beam is totally reflected by PBS 1, two reflect-

where1,s plcd n is the light in tensity fofh rbn em hr ing mirrots and P352 to hit the sample surface at the same
thesapleisplaed an i isth lihtintnsty ortreer point but from the other side. The beam bounced back from

ence beam respectively. and Ad is the optical pathlengh the second sample surface is horizontally polarized and thus
d"ifersoce betwee the two beams. For convenienc, Eq. (1) transmits through the PBS2 without reflection. In the refer-
can be rewritea ence arm, the beam is first completely reflected by PBS3 into
I- l/2(4~ + 4

jw) + 1/(4.. - 4..)cos(4.Ad/A), the reference mirror, the reflected beam transmits through
(2) P853 and joins the probing beam in the beam splitter. The

27i1 fev. set Wavuss.s U(s) Augus lm ou44lWes/oemIaS1 l30 *IM Awmulm Inelbs of RMi s Vo01



l "i JJ4FIG. :2. Int~erference pattern in the detection plane for a finite beam diameter

oflase, and a large Ad. its the intensity and L. is the distance from the center

E ' along the bem direction to vary the optical path-length of

the reference arm in a very fine scale. In order to further
improve the sensitivity, a condenser lens is inserted in front

FIGI Schmatc drain of the doule bem i iterferometer of the photodetector to further expand the diameter of the
central fringe. Under this condition, the light intensity is that
described by Eq. (1).

The optical path-length is also important for the sensi-
two beams both polarized horizontally are recombined by tivity of the system. It was found in the real adjustment that
the neutral beam splitter. the shorter the optical path-length. the higher the sensitivity.

In the positioning of optical components, it is very ir- This must be due to the fact that the laser beam is not abso-
portant to keep the optical path-length difference between lutely monochromatic, the incoherence increases as the opti-
the probing arm and the reference arm as sinall as possible. cal path-length increases, in the present system, the optical
Because of the great reflection and transmission loss of the components were placed as close as possible and the optical
beam intensity, especially in the probing arm, a lase with path length was kept tinder 130 cm long.
power larger than 10 mW is necessary. For a mualtimode
laser with such a power level, the coherncoe length of the *. Eieztrofllc sysltem
laser beam is typically only 20-30 cm long because of the
simultaneous oscillation of many modes which satisfy the For small displacement measurement, it is desirable to
cavity resonance condition, Only when the difference of the set the interference between the two beams at a point about
optical path lengths of the probing arm and the reference the (2n + I ), /8 (mr/2) point, where the light intensity
arm is less than the coherence length of the laser beam, is the change will be maiie for the same displacement change
interference possible. Even when the opia path-length dif. in~ A d. Nea this point, we can write Ad as
fereuces already less than the coherence length fthe laser Ada.-d.€ + (Zn + l)A{/8. (3)
beam, the difference is still harmful to the senstivity. In the

WSW= sw. "lowcnberdu lt

real experimental situation, due to the finte diaete of the anE.(1cnberdedt
laser beam, if the optical path-length difference Ad is not I - ,+-- ,.+2 sin(4wrd4/A)
small enough, the interference pattern behind a condenser

)(4)

lens will show a distribution in the light intensity at the de- - *, + ,4 /4 d€/,
tection plane, such as that shown in Fig. 2. If the photo de- In. (4), the sign"+e"or"-" depends on whethernis
tector aperture is larger than the central fringe diameter, the an even or odd number. The approximation sin x = xis valid
sensitivity of the system can be greatly reduced. Since this for small x and in our case, the error associated with this

central fringe diameter is inversely proportional to Ad, effort approximation is less than 1% if d,, is less than 130,. , Equa-
has been made in the system setup process to reduce thi Ad, tion (4) indicates that the light intensity change is linearly
so that in the detection scieen the central fringe occupies the proportiona to the change d, for small displacement.
whole illuminated area and the view spot shows uniform The stabiliztion of the interferomet r t the r/2 point
light intensity distribution, indicating that the central fringe is achieved by introducing a feedback loop in the reference
diameter is muh lar ihen the aperture of the photodetec arm as shown in Fig. . The conguration used can set the
tor'. Unfortunately, the optica path length of the probing system a: any reference point by adjusting the voltage level at
arm is fixed, and the adjutment can be made only an the the differentia ampliier reference input. The set voltage is
reference arm. Thus, the srvo o tanucer is osvitioned on a comutaed with the output voltae of the photodetetor, the
tratslation stage which can more forward and a difference of the two volt ges is ampifined by the L-Pa ampli-

Becas,. e greatm.. vol. . o. Ausom so Ploasoof thee n olad asrclo as ptal



fier and servo amplifier to drive the servo-transducer. The where V,., is the peak-to-peak value of the interference sig-
reference mirror is then driven by the servo transducer to nal. which corresponds to the change in the interference sig-
change the optical path length of the reference arm and to nal (U,. - I, ). The lock-in detection offers excellent
bring the output voltage of the photodetector to the set vol- noise rejection and is the key to the sensitivity. Figure 4
tage. This feedback loop responds only on the low-frequency shows the field induced displacement vs the applied voltage
signal ( < 10 Hz), it does not affect the measurement at high (I kHz) for an x-cut quartz measured using lock-in detec.
frequencies. The L-Pa amplifier can also generate a sinusoi- tion. The displacement is linearily proportional to the ap.
dal wave to drive the servo transducer. If the displacement of plied voltage due to the pure piezoelectric effect. Under a
the reference mirror is larger than the wavelength of the very quiet environment, the system response to an applied
light, the interference intensity curve can be obtained.The field as weak as 1.5 V/cm for a V1, value of about I V. Such a
V.. - V,, or V,., value may be measured using a digital response gives a displacement resolution 10 A. However,
oscilloscope, compared with that of the single beam system,' the sensitiv-

ity of the double beam system is an order of magnitude less.

C. Sample mounting Several things are responsible for the degraded sensitivity.
First of all, the fight intensity loss ( > 70% in general) due to

The way in which the sample is mounted is shown sche- the reflection and transmission in the double beam system is
matically in Fig. 3. The two major surfaces of the sample are much greater than that in the single beam system because
very smoothly polished. Gold is then sputtered to the sur- there are more optical components and one more reflecting
faces for both electric conduction and optical reflection pur- sample surface in the double beam system. The conversion of
poses. The sample is bonded to the sample holder by epoxy. the light intensity to voltage is accomplished by an inversely
It is confirmed by the measurement of admittance vs fre- biased photodiode. The photoexcited current flows to the
quency that the resonance frequencies of the sample mount- ground through a resistor, the voltage across the resistor is
ed this way are very close to those of the free sample especial- enlarged by an operational amplifier with a gain of 100. Ob.
ly when the ratio of the sample length (vertical direction) to viously, the smaller the resistance of the resistor, the faster

cross section (horizontal plane) is large. The sample holder the response speed of the photodiode and the less the signal-
is able to move in the y and z directions (x is the direction of to-noise ratio. A I -kil resistor is selected in order to raise the
the laser beam and z is the vertical direction) and also rotate response frequency of the photodiode to MHz range. When
in x-z plane. the noise level is kept constant, the smallest measurable vol.

tage signal ( V.,o ).. is subsequently fixed, and hence the

II. PIEZOELECTRIC STRAIN MEASUREMENT smallest detectable displacement is determined by

A. Utra-low dlaplaceme.t measurement , (1. - I. ) or V., ( V. - V.,.) value according toA. Utralowdis+aceentmeaureentthe relation

For sinusoidal displacement d. = do cos(wr), the opti- (d) = ( /21r) ( Vo, ) ,, / VP.P.
cal signal is convened by the photodetector to a voltage
change and then amplified. This voltage signal is detected by If the sample surfaces are not very reflecting, the V. value
a two-phase lock-in analyzer (EG&G Princeton Applied can be only 50-100 mV. The (Vo., ), measured by the
Research, Model 5208) as Vo,, which is a rms value of the lock-in is set by the electronic and mechanical noises and is
detected signal corresponding to the displacement do/-2. in the range of 0.01--0. 1 mV depending on the environment.
deece sq.(4igna corresonn the Therefore, the sensitivity is in the range of 0. 1-3 A. For

quartz, the sample surfaces can be polished so well that the

do = ( 1i) ( V,/V,., ), (5) reflectivity of the surfaces yields a VP., value above 0.7 V.

.5

- - .4 Frequency:

C .3

We ba V

u .2

0 4 8 12 is

Voltage (volts)

FIG. 3. Schematic drawing of sample mounting. FiG. 4. Voltage can of xlcut quamr at the frequency of I kHz.
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5 kHz which is the limit of the bandwidth of the lock-in ampli-
fier used (5208 two phase lock-in analyzer, EG&G Prince.

4 ton Applied Research), the absence of the dispersion is a
characteristic of nonferroelectric piezoelectric.

Z 3 V15.31 volts B. High-frequency dilahp monnt m.suremem

. e U : - = - - Although the lock-in detection provides high sensitiv-- ity, the driving frequency of the applied electric field is limit-

ad by the bandwidth of the lock-in amplifier. An oscilloscope
I does not have as good noise rejection capability as the lock-in

amplifier, but the bandwidth can be much higher. A digital
0 .. 3 ..... ................ oscilloscope (Hewlett Parkard 54201A) was used for the

102 10 3  
1 L

4 05 high-frequency displacement detection. The bandwidth of
Frequency (Hz) the oscilloscope is, under the repetitive mode, 200 MHz

which is well above the fundamental resonance frequencies

FIG. 5. Frequency scan of x-cut quartz at applied voltage of 15.31 V. for a regular sample size. When the signal from the photode-
tector is greater than I mV, the signal-to-noise ratio under a
quiet environment is large enough to allow the signal to be
measured by the digital oscilloscope. According to Eq. (5),

such a V,, value yields the reported sensitivity of 0.01 A. the sensitivity is about 1 A for a V, value of about I V.
For the single beam system, even the polished ceramic sam- If the induced signal is larger than 130 , Eq. (5) is no
ple surfaces can yield a VP., value above I V, this is one of the longer valid because of the nonlinearity between the dis-
reasons for the degraded sensitivity in the double beam sys- placement and interference light intensity. But, when the
tem. Second, wave-front distortion is much more severe in displacement is less than A2/4, it can be calculated as
the double beam system than that in the single beam system
because of the elongated optical path lengths and increased do = (A /41r ) sin -'(2 Vo/Vp.), (6)
optical components, consequently, in the detection plane the where do is the displacement amplitude induced by the ap-
reference beam and the probing beam would be less coher- plied electric field and Vo is the voltage signal amplitude
ent. Finally, as mentioned earlier, because of the lack of ab- measured from the stabilization point 1/2 ( V.. + Vm,n ) by
solute monochromaticity of the laser light, the coherence of the oscilloscope. Figure 6 shows the displacement of PZT5
the light decreases with increasing optical path length. In the induced by an applied ac voltage amplitude 15.31 V versus
present setup, it is impossible to keep the optical path-length the driving frequency. The voltage amplitude generated by
under 130 cm which is much longer than that of the single the piezoelectric effect of the sample versus the driving fre-
beam system. quency was measured by a spectra-analyzer (Hewlett Par-

Figure 5 shows the displacement versus the driving fre- kard, 3585A). The amplitude is a relative value to the excita-
quency of applied voltage 15.31 V for the x-cut quartz. The tion voltage level and is proportional to the admittance of the
d1 , value is constant with respect to the frequency up to 100 sample. The amplitude versus frequency is also shown in

400 -40

300
.io- -- 60 "o

V FIG. 6. Frequency scan of held in-
E 200 j) duced displiacement and voltage am-
0 'a plitude generated by the piezoelec-
U : tnc efect for PZTS. The applied

4, voltage for diaplacement measure-

S-80 men Is: 15-31 V The voltage ampli-
,-100 wde is measured by the spectra ana.

14 g.. lyzer.

0..................I ..... -100...103 -100
10' 102 104  105 10

Frequency (Hz)
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Fig. 6. It is observed that the resonance peaks measured by two sides of the sample and the collinearity of the beams on
the two different methods agree quite well. As shown in Fig- both sides of the sample is made possible by adjusting the
ure 3. the mass center of the sample is not oscillating under beam to pass the collinear pinholes on both sides of the sam-
the driving ac field. The "back motion" is no longer a con- ple. The pinholes are removed after the beam adjustment.
cern here, thus the displacement can be measured properly

to high-frequency range.
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High-frequency strain response In ferroelectrics and its measurement using
a modified Mach-Zehnder Interferometer

0.M. Zhang," .J. Jang, andL E. Cross
Materials Rewaftch -aboratoy, Tte Penay1witia State University, University Park, Pennsydvania 16802

(Received 9 August 1988; accepted for publication 29 November 1988)

In this paper we report on a modified Mach-Zehnder interferometer which is capable of
measuring the ultrashort time strain response of a sample. Using this instrument, the
dispersion of piezoelectric and electrostrictive coefficients of several commonly used
ferroelectrics was measured. The strain switching behavior of lead lanthanum zirconate
titanate (PLZT) 9/65/35 driven by a square pulse electric field was studied. The results show
that the switching rise time of the strain response for PLZT 9/65/35 can be much shorter than
5 /is at a pulse field strength near 25 kV/cm and that the fall time of the strain response is
considerably shorter than the rise time in the experimental field strength range.

I. INTRODUCTION suring these displacements to ultrahigh frequencies (> 10

The dispersion and switching properties of ferroelectric MHz),., " its application is still limited to lower frequencies

materials are of great importance for the practical applica- as a dilatometer. The major obstacle which prevents this

tion of the materials and for a basic understanding of ferro- instrument as a high-frequency dilatometer is the single sur-

electricity. In the normal frequency range ( < 100 MHz) face displacement detection scheme in the currently used

where ferroelectrics are used, the dispersion of response interferometer. as discussed in an earlier publication.' Us-

functions and switching behavior are closely related to the ing this scheme, where only one face of the sample is detected

defect structure of the materials, domain nucleation, and (in later discussion, this face is denoted as the front face of

domain boundary motions. "z Using modern electronic tech- the sample), the strain level of the sample can be obtained

niques, the dielectric dispersion and polarization related only by assuming the possible motion of the undetected face

switching can be easily studied. Abundant experimental in- of the sample (denoted as the back face) resulting from the

formation can be found in the literature." However, con- strain change. In most cases, the back face is assumed to be

cerning the study of strain related properties in ferroelec- fixed and hence the front face displacement is equal to the
trics, especially in the high-frequency domain, experimental sample dilatation due to the strain change. It is clear that
information based on direct measurement on the strain re- such an assumption is valid only at low frequency. As the

sponse is lacking. frequency is increased, the holding force on the back face of

The piezoelectric and electrostrictive coupling in the the sample to prevent its motion will increase as the square of
ferroelectrics provide a convenient and effective means to the frequency."Z Thus, the back face of the -ample will cer-
convert an electric signal to mechanical signal (strain or tainly be set into motion due to the finite size of the holding

stress) and vice versa. This conversion is actually a two-step force and this back face motion is usually unpredictable.

process: the electric-field-induced polarization changes and Hence, it is not possible to use this single face detection inter-

consequently the polarization related strain level change. ferometer to follow the sample strain response to high fre-

Since this later process can also be frequency dependent, an quency. " Of course, increasing the strength of the holding
independent study of the strain response up to high frequen- force can raise the operation frequency. But this will also

cy is highly desirable. result in an increase on the sample clamping which is not
In this paper we report on a modified Mach-Zehnder desirable. Normally, under unrestrained conditions to the

interferometer which is capable of measuring the ultrashort sample a single face detection laser interferometer can only
time strain response of a sample. Using this instrument, the be operated below several kHz for a small strain amplitude
dispersion of piezoelectric and electrostrictive coefficients of measurement ( < 100 A). At a fixed frequency, the holding
several commonly used ferroelectrics was examined. The force is also proportional to the amplitude of the sample
strain switching behavior of PLZT 9/65/35 under a square dilatation. Thus, the operation frequency for the study of
pulse electric field was also studied. These results will be polarization related strain response which involves a large
reported in the following paper and their implications dis- displacement measurement ( > 1000 A) is limited below

cussed. several hundred Hz.
Based on these facts, a correct strain measurement at

11. THE APPARATUS AN ITS OPERATION PR IPLE high frequency requires one to probe the motion of both
faces of a sample. Shown in Fig. I is the schematic drawing of

Although the laser interferometer has been widely used a modified Mach-Zehnder interferometer recently built to
in precise displacement measurement and is capable of met- fulfill these requirements. By the arrangement of the optical

path in the measuring arm as shown in the figure, the setup is
Present addrin: SutWng 535. Brookhiven NJbf Iom .Upt on. insensitive to the motion of the sample as a rigid body. which
NY tt971. is actually the major cause of errorn in the single face detec-
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n FIG. 2. Schematic drawing
4jUfirst face of the three-point aligner

PPm P.M which is used to aid the

1*4 oser sample alignment to ensure

Pstbmtchat the lawe beam an the
---- I n A A ntwo faces of the sample are

U 11 11 Ucolinear. PH stands for pin-

FIG. 1. Schematic drawing of the optical part of the modified Mach-
Zelinderinterferometer. PSI and PB2 are two polarized beamnsplitters, SM I J('mas + 1,,.,, + (I 1 ~,, )cos(41r~d /1), (1)
is a servomiffor which is driven by a PZT actuator. P is a polaier, A A/is
quarter wave plate. L is condenser lens and S is the teat sample. where I.,. and 4,,n are, respectively, the interference light

intensity at the maximum and minimum points, and .Id is
the optical path length difference between the two arms. In

tion interferometer for strain measurement. The change in case 4d 1A . 1 and the interference signal is biased at the
the optical path length in the measuring arm is equal to the middle point between I... and 1,m, where the maximum
dilatation of the s.s'nple from the strain change-. sensitivity is achieved, a linear relationship between Vl and

The operauon principle of this interferometer is as fol- A5d exists as given by
lows: The laswrlight is equally divided by apolarized beam Ad = (A /2rf)41 / (mi. - 1... (2)
splitter (PD I1) into the measuring arm and the reference arm
with mutually perpendicular polarization directions. In the Il1. SAMPLE MOUNTING PROB3LEMS
measuring arm, where the sample is located, the linearly po- As we pointed out in the preceding section. a proper
larized lase beam hits the first face of the sample and is sample holding is an important factor in obtaining accurate
reflected back to P3 1. The quarter wave plate (A /4) in that data. In our measurement, three different sample holding
path rotates the polarization direction of this buamby9OV methods were used asshown in Fig. 3. Method (a) has a
before it is sent back to P3 1. As a result, the returning beam clamping effect on the sample. Therefore, it is only suitable
will be totally reflected by PflI to the reflection mirrorsMl1, for small strain measurement (strain <l10- ) even with the
M2, and the second polarized beam splitter PB?.. Totally position of the probing laser beam located away from the
reflected by PBZ the lowebeam is directed to the second face holding position. This is the easist holding method and will
of the sample. The function of the quarter wave plate in this not induce a large clamping effect, as has been tested when
path is the same as the previous one and ensures that the the sample is thick ( >3 or 4 mm). Method (b) has very
laser beam reflected from the second face of the sample will small clamping effect. When the center of mass of the sample:
be totally transmitted through PB?. to reflection mirror M3- is overlapped with the sample holding point, the tilting of the
The probing beam and the reference beam meet at the beam reflection face of the sample can be minimized. In both(a
splitter (BS), and with the help of a polarize (P) these two and (b), the sample under test is glued to the sample holder
beams form the interference pattern to be detected by the by epoxy (either conductive or nonconductive) and they are
photodetector. suitable for the measurement of the sample strain under both

The purpose of the two lenses in the measuring aim is to cw and pulse field driving. It is obvious that if the sample
reduce the effect of tilting of the sample reflection face with becomes thin, a bending or flexure motion of the sample will
respect to the laser beam. asdiscussed in Ref. 12. It is expect- be excited. At the flexure resonance of the sample, large tilt-
ed that if the reflection face tilting becomes large, errors will
be induced. Therefore, care in sample holding should be
practiced to reduce the reflection face tilting in the high.
frequency measurement , samp

In the reference arm the additional mirrors M4 and M5 OW~iae boom

that it is equal to the measuring arm optical path length. This Way
reduces the interference signal noise. In this setup, the total E7length of the reference arm is about 2.3 m.

An accurate measurement of the sample strai requires (a) hodr ()FG . he ifrn
that the la beams hittmng tMfis aad the seodample ways of mountinj the m.m-

faces ame colin... The firs facel of the sample, therefore, has pie for high-frequenc

to be oriented prescisely with respect to the incden bem In strain measurements.

order to Wachis' that, a three-point Wipner Was designieda
Wsoemaracaly ibm in ftIg.2 The thrn puiholes on the
aWiper ase adjusted to be codna. with the help of a laser I "
beum Using this aflpe, the lase beamts on the two sWds of
the siample can be adjougg! to be colinei.

The interference signal seen by the photodetector is e
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ing of the sample reflection face will be induced [the fre- di(or 33) =Ad/V, (3)
quency of the flexure mode for most of the ferroelectrics with and the electric-field-related electrostrictive coefficient by
a bar shape as supported in our experiment is about 0.5 (h /
/ :) MHz or higher, where h and I are the bar thickness and M1 = 2A&d(2f) t / V , (4)

the length in units of mm, respectively ]. ' Therefore, a rela- where Ad(21) is the sample's dilatation at frequency 2fmea-
tively thick sample is needed ( >0.5 mm) to minimize the sured by the lock-in amplifier.'2 The frequency doubling
sample bending. (2/) in the sample strain is due to the electrostrictive cou-

In method (c). one face of the sample is placed against pling of the sample strain response to the electric field.
the holder with a hole in the middle with a diameter just It was observed, however, that more reliable data can be
large enough to pass the laser beam and two springs (or two acquired more rapidly by using a two-signal comparison
rubber bands) are used on the other face to press the sample method. In this method, two voltage signals with frequencies
to the holding surface. This sample holding method is not fo and f, were applied simultaneously to the sample, as
very suitable for the strain measurement under cw driving to shown in Fig. 4. The response signals from the sample were
high frequency ( < 10 Hz) since the two springs are usually measured by using two lock-in amplifiers tuned at , and f,
not identical. However, in studying the switching rise time respectively. By fixingfo and varyingfi, the dispersion of the
behavior of the sample strain under pulse driving, this hold- piezoelectric or electrostrictive coefficient can be obtained
ing method is superior to methods (a) and (b). Especially through the relation
when the sample is very thin, the support of the sample hold- d33(A) = d(f,) ( VVJ) (
er prevents the sample from bending during the sample ex- -, I I
pansion near the rising edge of the pulse. When the sample
contracts (as the applied voltage decreases). the mass center where Ad(f ) and ad(o) are the dilatations of the sample at

motion of the sample will pull the whole sample away from frequenciesf, andfo, V(.f,) and V(f) are the applied voltage

the holding surface and the sample is in a mechanically un- amplitude with frequencies', andfo, or

stable position. As a result. if the forces from the two holding M, (f) =(Ad(2f,) V(f) (6)
springs are not equal, an irregular sample tilting will occur. Ali I) ,%-- o)k\"'2 ) v I '
This holding method, therefore, does not work for cw strain
measurement. where Ad(2/, ) and Ad(2f,,) are the dilatations of the sample

Depending on the experimental situation and purpose, at frequencies 2/, and 2f.
other types of sample holding methods should be considered The measured dispersions of the piezoelectric constants
to achieve the best results. for x-cut quartz, soft PZT, and hard PZT are shown in Fig.

5. For quartz, d,, did not vary up to 100 kHz. Above that.
the sample mechanical resonance (piezoelectric resonance)

IV. DISPERSION OF PIEZOELECTRIC AND causes d, value deviate from its intrinsic value. Whereas for
ELECTROSTRICTIVE COEFFICIENTS OF SEVERAL both soft PZT and hard PZT, d,3 decreases slightly as the
SELECTED FERROELECTRICS frequency is increased. This decrease, as seen from the fig-

The piezoelectric and electrostrictive coefficients of x- ure, is the result from the dispersion of the dielectric permit-

cut quartz (d,1 ), hard PZT (PZT-8) (d,,), soft PZT (PZT- tivity. This indicates that for weak field excitation, in the

5) (d,,), and PLZT 9.5/65/35 (M,,) were measured as a frequency domain, poled ferroelectrics can be described as

function of frequency. The measurement of the x-cut quartz polarization biased electrostrictive materials with

single crystal was performed for the purpose of calibration. d33 = 2Po0 e0 Q,,, where Po is the bias polarization. The

In the piezoelectric constant measurement, all the samples change in d,, is the result of the dispersion of the dielectric

used had a thickness of 2 mm or more and the areas of the permittivity, E. Hence, for both hard and soft PZT, Q, ,. the

samples were about 4 x 4 mm- or more. In the electrostric- polarization related electrostrictive constant measured in

tire coefficient measurement. PLZT samples were about 0.5 the weak field limit, is frequency independent. At frequen-

mm thick and 5 x 5 mm 2 or larger in area. All the samples cies near and above 100 kHz, the measurement was affected

were polished to optical flat on both faces. by the sample's piezoelectric resonance. Therefore, to pur-

Both the soft and hard PZT were commercially avail-
able ceramic samples. PLZT samples were hot-pressed
transparent samples. PZT samples are poled and they show
piezoelectric strain response, whereas PLZT 9.5/65/35 is a IG , in

ferroelectric relaxor, and at room temperature it is an elec- t Photo
trostrictive material. ad d '

The piezoelectric and electrostrictive coefficients weret $01"PiD Ln

measured by applying an ac field o- the sample, and the re . In
strain response signal from the photodetector was detected
by a lock-in amplifier (EG&G Princeton Applied Research FIG. 4. Schematic drawing of the power supply and signal detectin .

5208) and a digit' ed oscilloscope (HP 54201A). Fora sam. rangement for the two.ignal companison method. Vollages from the i...

ta eform generators ( wo) are added by an add circuit. Dependingoi '-.
pie thickness t with an applied voltaheVe exnmental situation. a power amplifier may be used following the .-,J
ptezoelectric constant is given by circuit to supply a high.voltage %%Inal to the sample.
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(b) FIG. S. (a) dil for x-cut FIG. 7. The electnc-field-related electrostrictive coefficient M,, for PLZT
1.2 quartz; (b) d,,(1) , (0 9/65/35. The field strength is 440 V/cm. The mechanical resonance of the

2: kHz) (curve 2) and sample cause the increase of M, at frequencies above 50 kHz.
1.1 ,- LJ.e/ 1 (0 kHz) (curve

S1) for hard PZT; (c)
1.0 d,,(J1/d,, (I kHz) (curve
a9 2) and E,,(J)lE,, (I kHz) cillation frequeti-y for electrostrictive materials is 2fwheref

ue1 function of frequency a is the applied field frequency). However, this resonance is

C0 femuch weaker than the piezoelectric resonance since there is
. .. no anomaly in the real part of dielectric constant at this reso-

(C) nance region. The resonance observed for this electrostric-

tive material is purely mechanical resonance.

V. STRAIN RESPONSE OF PLZT 9/65/35 UNDER HIGH

0.9 FIELD WITH ew AND SQUARE PULSE DRIVING

The strain response at a fixed electric field amplitude
S 4.0 . 5.0 . 6.0 (16.3 kV/cm) as a function of frequency was measured for

log (frequency) PLZT 9/65/35 ceramics (hot pressed transparent samples).
The measured strain hysteresis loops are shown in Fig. 8 and
summarized in Fig. 9. All the data were taken under cw

sue the measurement to even higher frequencies, it is neces- driving and recorded by a digitized oscilloscope. The limita-
sary to suppress the sample mechan cal resonance or reduce tion on the measured frequency is caused by the power am-
the sample dimension to move the resonance to even higher plifier. In our experiment, a Kepco bipolar power amplifier

tespedehres e t(model BPO 1000M) was used which has a bandwidth of
frequencies, about 1 kHz. The dispersion of the strain response can be

For comparison, in Fig. 6 the piezoelectric constant is arly s and i he dispersion of the wea fe

shown for x-cut quartz and hard PZT measured using a sin- clearly seen and is larger than the dispersion of the weak field

gle face detection interferometer. " The measurement is ap- Switching characteristics of PLZT 9/65/35 under

parently limited to below 2 kHz.

The electrostrictive coefficient M,, for PLZT 9.5/65/35 square pulse driving were also studied. The sample thickness

as a function of frequency is shown in Fig. 7. The applied
field amplitude was 440 V/cm. The data above 50 kHz are
affected by the mechanical resonance of the sample (the os-

FIG. 8. Strain hysteresisA loops for PUZT 9/65/35 asa
V function of frequency, from

P f bottom top: I Hz. 10 Hz.
0i F l 1 0  i -FIG. 6. (al d, for x-cut 100 Hz. 3Hz. and I kHz.

quarz (b) d,, for hard PZT
measured using a single-face

.. detecton interferometer.

to 0  -20 -i 0
P10006p 41481 El hy/emi
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0.2. primary response of the sample is the polarization change.

The strain change of the sample is a consequence of the po-
larization change. For an electrostrictive material,
s 1I(t) = Q, P'(t), assuming that Q,, is not strongly fre-

., quency dependent. If we assume that the polarization re-
0.1 sponse to a square electric pulse is symmetric at the rising

and the failing edges of the pulse and has an exponential
dependence on time, then at the rising edge,

P(t) = Po[ I - exp( t /r')] (7a)

0 ... . ..... -.... and at the faling edge,
Frequncy l0z) P(t) = P0 exp( - t Ir) , (7b)

where T is a constant characterizing the response time of the
FIG. 9. The dispersion of the strain response of PLZT 9/65/35 under 16.3- sample iaionto apue.Ein (7 descsibes tha

kV/cm cw driving field. sample polarization to a pulse. Equation (7) describes that
the rising and falling edges of the polarization response func-
tion have the same response time r. Therefore, the strain

used is 0.365 mm. In this measurement, a high-power pulse response at the rising edge would be

generator (HP 214B and Cober Model 604A) with rising S,, (t) = Q, 1P (t)
time shorter than 20 ns and a maximum output power of 9 = so[ I - 2 exp( - t/,r) + exp( - 2t/r)] , (8a)
kW was used. The response strain signal was recorded on a
digitized oscilloscope. The photodetector used has a flat re-
sponse up to I MHz and a bandwidth of more than 5 MHz. s,I(t) = so exp( - 2t/r). (8b)
Typical data record is shown in Fig. 10. Figure 10(a) shows Equation (8) shows that the fall time of the sample strain
both the strain response and the applied square pulse. response should be much shorter than the rise time and that

Figure 10(b) shows the response of the current and they have different time-dependent forms. Approximately
strain ofthesample to a square pulse with 5-/As duration. The speaking, the falling edge has a characteristic time of r/2.
polarization response P(t) of the sample can be obtained by which is shorter than the rise time of about r. The argument
integrating the current with respect to time presented above demonstrates that even a symmetric polar-

-, ization response to the square pulse will result in an asym-
P(t) =|i(t')dt' metric strain response. Apart from that, there is no prior

reason to assume that the sample polarization response to
One can observe immediately that the rise time for the strain the square pulse should be symmetric at the rising and falling
response is longer than the fall time. Part of the reason is as edges and that they have the same time-dependent func-
follows: When an electric field is applied to a sample, the tional form. In fact, a careful inspection of Fig. 10 reveals

that even in the polarization response curve, the fall time is
also shorter than the rise time. The experimental data pre-
sented below show that the fall time of the strain response

6S71~V,, -4.5ev s. ueg,, -4 0.oOJ curve is shorter than half of the rise time.

o s...s For the pulse switching, the sample strain shows me-
, "chanical resonance. Such a resonance effect is very small

Z. .,. when the pulse field is small, as shown in Fig. 10(a). For a

.4. V .field of 25 kV/cm, as shown in Fig. 11, a strong mechanical

Ciser 0-KI

0 . 4. 7

0.11

0.09

4 l02

1b) 11w -0.01 * ~ I* *~~
FIG. 10. (a) The strain respone signal and the applied square puse (11.l 1 (14)

kV/cm) as recorded from the digitized osciloscope for PUT 9/65/35: (b )
thecurrentandthestrainresponsesignalsrordedfromadiitizedoscilo- FIG. II Strain response curve for PUZT 9/65/35 under 25-kV/cm field.
scope. The fReld strenph in 11.2 kV/cm. The data %how the resonance at the rising and failing edges.
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resonance appears at both the rising and falling edges. The lob

overall resonance amplitude (peak-to-peak value) is less
than 15% of the total strain change in all the strain data t 2)2

measured. -
A series of measurements were taken while varying the - ,0

applied field strength and pulse width and some of them are Z

presented in Fig. 12. In these data, the sample strain reso- ,o
nance was averaged out.

In order to look at the general trends, we plot in Fig. 13
the strain level of the sample at a fixed pulse width of 30us as 0 --- i

0 0o 20 3

a function of applied field strength. The data demonstrate 0 I we)2

that at an elevated field level (24.7 kV/cm), a relatively high FIG. 13. Thestrin level ofPLZT 9/65/35 as a function ofthe field strength
strainlevel (0.15% strain) can beobtained from this mater- for the square pulse with 30-us duration (curve I) and the switch rise time
al under a short pulse (equivalent to 33 kHz). At low fre- t, ofthestrain responsecurve asafunction ofapplied field strength E (curve

quency, for example, 0. 1 Hz, this strain level is achieved by a Z) . The dashed straight line for curve 2 is a linear fitting to the data. and the
field strength lower than 17 kV/cm. These data indicate that dashed curved line is the fitting to the data by using linear and quadratic two

the strain loss due to the reduced pulse duration can always teirms.

be compensated by increasing the applied field strength for
the pulse driving mode. This would generally be true for
most of the relaxor materials. pIe for switching back under thermal agitation to the E = 0

The situation may not be the same if the sample is driven state after having been excited. Increasing the applied field
by a cw field. In the pulse driven case as in our experiment, will not speed up this returning process. At high frequency.
there is always enough time between the two pulses for the the sample is not able to relax back to its thermal random
sample to relax back to its initial state (we are not concerned state when E=0. This will certainly cause an additional
with the aging effect and in this case, the aging effect at high reduction in the strain response of the sample besides the

field is negligible"i). Hence, to a reasonable approximation limitation due to the finite switching rise time. We refer to

the sample prior to the pulse can be taken as having been in this as ,ecovery limitation. Therefore, there is a limit on the

thermal depoled state. The driving electric field strength and operating frequency for cw driving; beyond this limit, the

the duration of the pulse should not affect this initial state. strain loss of the sample due to increased operating frequen-

As a result, the only limitation to the final strain response of cy cannot be compensated for by increasing the applied elec-

the sample is the finite relaxation time for micropolar do- tric field strength. Hence, the recovery speed should be an

mains to align statistically with the applied electric field as important criterion for high-frequency material applica-

well as the finite domain wall traveling speed. Increasing the tions.

electric field strength of the pulse will speed up these pro- For PUT 9/65/35, as shown in Fig. 12, the fall time of

cesses,' compensating for the shortened duration of the the strain response curve is relatively short. At high field

pulse. However, in the cw driven case, the strain response level, it can be much shorter than 3 Ms. At frequencies near or

would also depend on the relaxational processes of the sam- below 100 kHz, the dispersion in the strain response is main-
ly caused by the rising edge of the curve. For cw driving wi th
a 16-kV/cm field, a strain of 0.065% was obtained at l-kHz
frequency. While with square pulse driving with I-ms dura-

-aoot tion, the same strain level could be obtained with a field
o.1- 7 strength of about I5 kV/cm. The field levels between the two

cases do not differ too much. Hence, for PLZT 9/65/35 at
o.0S- o.oo,. high field level, the failing edge does not impose a strong
004 limitation on the strain response at a cw field of moderately

S..high frequencies (near 100 kHz). In other words, the recov-
: - . , cry limitation for this material is located above 100 kHz.'ra20. .9 anI aoN f11

-. _________ 0 ~?06 0  In relaxor materials, the polarization change of the sam-0.01" ple to the applied field involves both 180" domain related

0 (102 phenomena (180r micropolar domain flipping, as well as

I Io I 80 domain boundary motion) and non- 180' domain relat-
o.o 0 ed phenomena (non- 180 micropolar domain rotation and

SN4their boundary motion, as well as the micropolar domains
-o., 1, M3 03 6 -o ., IQ t 19 expanding into the paraelectric region). Only the later phe-

1, .,I,14..4.4 nomena contribute to the sample strain response. In the nor-

FIG. 12. (a) Strain responsetoanappliedsquarepulsewithncreasting field mal case, the response time for these different phenomena
strength: 11.2. 18. and 22 kV/cm. (b) strain response for square pulses of 13 are not the same. It is expected that as the operation frequen-
kV/cm with different time durations; (c) train response at relatively weak cy changes. both the dielectric constant and polarization re-
feId level (4.4 kV/cm) and long time duration ( I ms); (d) the failing edges
ofthesruanruponsecurvestosquartpulsesoll.2kV/cmwith lg-Miasnd lated electrostrictive coefficient (Q,) would show disper-
I-ms time duratons. sion. The dielectric constant will decrease with frequent)
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however, the dispersion ot , may rot Oe 11 LmpiC. LE tiiy l," ,, ,. .... . .. -

show some irregular changes with frequency depending on the dispersion of the piezoelectric constant for soft PZT and
the relative response times between the 180 domain-related hard PZT and the dispersion of electrostrictive coefficient of
change and non-180 domain-related change. The ultimate PLZT 9.5/65/35 were measured. The piezoelectric reso-
limitation on the strain response time is the speed for acous- nance found in both PZT samples affected the dispersion of
tic signal propagation through the medium. Near this limit, the dielectric and piezoelectric constants. The pure mechan-
the electrostrictive coefficient will drop to zero. For most of ical resonances in the relaxor material affect the dispersion
the samples with dimensions on the orders of mm, this limit of the electrostrictive coefficient, but did not have an anoma-
seems to be in the frequency range of MHz or above. lous effect on the dielectric dispersion at frequencies below I

Also shown in Fig. 13 is the curve of the relative switch MHz. The switching behavior of the sample strain for PLZT
rise time as a function of applied field strength for pulse 9/65/35 under square pulse driving was investigated. It was
driving, -where the relative switch time t, is defined as the shown that for a high field level ( > 20 kV/cm), the switch
tin-e needed for the strain level to reach 80% of the total level rise time for the sample strain can be much shorter than 10
for a 0.5-ms duration square pulse. Among the various sim- ps. The fall time of the strain response curve is shorter than
pie functional forms between t, and electric field E, it is the switch rise time ( < 3 gs) and shows less field amplitude
found that both expressions t, c exp( - const E) and dependence than the switch rise time. except at low field
r, ,,I IE can fit the data points relatively well. As can be seen levels ( < 5 kV/cm).
from the figure, at a field above 20 kV/cm, the switching rise
time can be shorter than 10 ,s (at 25 kV/cm it is about 2 us).
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Laser Interferometer for Studying the Phase Delay of Piezoelectric Response

W.Y.Pan, H.Wang and L.E Cross

Materials Research Laboratory

The Pennsylvania State University

University Park, PA 16802

A laser interferometer is used to study the phase delay of the piezoelectric response. The real and

imaginary part of the piezoelectric d coefficients are calculated from the measured strain amplitude

and the phase delay with respect to the applied electric field for PZT-5. The same coefficients are

also measured using Smits's iterative method. The results are in good agreement. The phase delay

with respect to the applied electric field is also studied near resonance fr~guencies, the result is in

excellent agreement with the classic vibration theory.

§1 Introduction

A very sensitive single beam laser interferometer was built up in this laboratory in 1987. The

system is capable of resolving the displacement down to 10-3A in the frequency range of 20-2000

Hz1 . Very recently, a double beam laser interferometer was built up in this laboratory to measure

the displacement under higher frequencies. The system is capable of resolving displacement

10- 2A from 50 Hz to MHz range2. The high sensitivity is largely due to the phase sensitive

detection to discriminate the noise. However, for all the previous works, effort was only made to

measure the amplitude of the strain. In the this paper we report the measurement of phase delay of

the piezoelectric response using the double beam laser interferometer.



§ 2 Fundamental Principles and Experimental Technique

2.1 Measuring system and fundamental principles

The schematic diagram of the double beam laser interferometer is shown in Figure 1. The

general principles and the description of the system were illustrated in an earlier paper 2. When the

two beams ( reference beam and the probing beam) interfere with each er, the light intensity at a

detection point vs the differential optical path of the two arms can be schematically illustrated by

Figure 2. To achieve high sensitivity, we stabilize the system at A or B points of the curve. Under

ideal situation, the signal at one stabilized point is in phase with the applied electric field while that

at the other point has 1800 phase shift with respect to the applied electric field.

In the real situation, even if the sample mounting does not introduce any extra phase shift, the

phase shift can be caused by both the imaginary part of the piezoelectric strain coefficient and the

detecting system. To separate the the contribution of the phase delay due to the imaginary part of

the piezoelectric strain coefficient, we have to subtract the contribution to the phase shift from the

detecting system. Quartz has a mechanical Q well above 1000 and virtually no dielectric loss in the

radio frequency range3 .Therefore, the phase delay of the piezoelectric response of the Quartz can

be negleted compared with that of other materials with higher electric and mechanic loss. If a

quartz sample is mounted properly so that the mounting does not introduce any extra phase shift,

the phase shift measured by the system can be regarded as the phase shift due to the detecting

system. We can then separate the contribution to the phase shift due to imaginary part of the

piezoelectric response from the total phase shift:

0 - c (I)

where Op is due to the imaginary part of the piezoelectric response, OT is the total detected phase

shift and OC is the calibrated phase shift using quartz.

If a sinusoidal field is applied to the sample, the complex piezoelectric coefficient can be

expressed as:

d pdf+jd"=S0 .pioec)/Eteic €efcint (2)

Separaig the real and imaginary part of the piezoelectric coefficient we have:



d'= (So/Eo)cose d"= (So/Eo)sine (3)

where (S0/E1) is the amplitude of the d constant and 9 is Op.

Using a Lock-in amplifier, we can measure both amplitude and phase shift of the induced

displacement , hence we can separate the real and imaginary parts of the piezoelectric coefficient.

2.2 Critical experimental elements

2.2.1 Coherence improvement of the laser light

For a multimode He-Ne laser laser, the coherence length of the laser is limited (-30 cm) due to

the simultaneous oscillation of many modes which satisfy the cavity resonce condition. It appeared

that the coherence length of the light and the overlapping in space of the coherent wave packets

from the reference and probing arm were very important for the sensitivity and stability of phase

detection.

The coherence length of the light was improved by increasing the monochromacity of the light.

A heavy filter was used to reduce the component of the lights with wavelength other than 6328A.

The loss in the intensity of the outcoming beam due to the filtering was compensated by increasing

the driving field to raise the signal above the noise level.

The overlapping of the coherence wavepackets from probing and reference arms was improved

by carefully matching the optical path lengths of probing and reference arms. The lengths of the

two arms were measured and matched by adjusting the translation stage. In the experiment, we

found that the sensitivity and stability of the phase detection was improved as the differential optical

path length decreased.

2.2.2 Overlapping in space of reference and probing beams

In the space between the beam splitter and photodetector, the reference and probing beams are

recombined by the beam splitter. Under the static condition ( reference mirror and sample do not

deform), It is relative easy to overlap the two beams between the BS and the detection plane.

Even this is done perfectly, the two beams may still dislocate with respect to each other during the

deformation of the sample or reference mirror if the two beams are not arranged properly in the



reference and probing arms. Clearly, this is caused by the fact that the beams are not strickly

perpendicular to the reflecting surfaces. When the surfaces deform not only the optical path lengths

change, but the beam deviate from the original positions. If this happens, difficulty arises in the

stability of phmse detection. It is very difficult to prevent such a deviation from occuring under the

repeated deformation of the sample and the reference mirror. The two reflecting surfaces of the

sample have to be made strickly parallel and careful alignment of the beams is necessary to

accomplish that.

2.23 Sample preparation and mounting

The samples were cut into bar shape with the length of the bar more than four time the width

and thickness. The two ends of the bar were carefully polished and partially electroded by gold

sputtering for the purpose of light reflection. Small coated mirrors could also be attached to the

ends of the bar for the reflection purpose. The sample was mounted in a manner shown in Figure

3. T7e length of the contact between the sample and the sample holder was kept under 10% of the

length of the bar. It was found that when the contact length was larger than this ratio, the clamping

effect would affect the phase shift. For the sample measured at the resonance frequencies the

length of the bar was made more than six time the width and thickness of the bar to obtain the pure

mode. Epoxy was used to adhere the sample to the sample holder.

2.3 Smits's iterative method

To confurm the result obtained by the optical method, we used Smits's iterative method to

determine the real and imaginary parts of the piezoelectric strain coefficients. In this technique, the

admittance of the resonator was measured as a function of frequency, the values near the resonance

fequencies were used to calculated the real and imaginary piezoelectric, elastic and dielectric

constant by solving the simultaneous equations using the iterative method. The detail of this

technique was clearly described by Smits 4" In our experiment, the sample was cut to plate shape

(length:width. thicknes=10:2. 1), the admittance of the ceramic resonatowas measured by an

impedance analyzer (Hewlett Packard ). A computer program was writtr to calculate the

coefficies using the iterative method5 .



§3 Measurement on PZT-5 Ceramic Samples

Figure 4 shows the phase shift )p of PZT-5 as a function of frequency. Since the values are

negative, the strain lags behind the driving electric field. It must be remembered that there is

another 1800 phase difference between the applied electric field and the strain due to the negative

value of d31. This is obvious and thus not included in 0p. For frequency above 1kHz, the errors

for the measurement with attached mirrors and without mirrors are 5% and 10% respectively.

Below IkHz, the error is larger due to the low frequency noise. Clearly the sample with mirrors

attached to the ends exhibits greater phase shift than that without mirrors. Symbol A stands for the

value measured by Smits's methods, clearly the value is in a better agreement with the

measurement without the attached mirrors, the mass of the mirrors affects the phase shift although

it does not affect the amplitude significantly.

Figure 5 shows the real and imaginary parts of the d31 coefficient as a function of frequency.

Again, both the real and imaginary parts of the piezoelectric coefficients from the strain

measurement and Smits method are in good agreement.

Figure 6 (a) shows the amplitude of the tranverse displacement ( the displacement perpendicular

to the applied electric field) and phase shift as a function of frequency at piezoelectric resonance

frequencies for a long PZT5 piezoelectric ceramic bar (1=5.6cm). The amplitude peaks appear at

fundamental and third harmonic resonance frequencies. The peak at the third harmonic frequency

is much lower than that at the fundamental frequency because of the increased damping at higher

frequency. 0 decrees 1S& at the fundamental frequency, then comes beck at the second

harmonic frequency and drops again by 1800 at third harmonic frequency. It appears that the phase

shift drops at the odd harmonic and rises at even harmonic frequencies.

To confim that the phase delay at resonance frequencies is as illustrated in Figure 6(a). we

calculate the phase shift of the displacement at the end of the bar with respect to the applied electric

field in terms of vibration theory. Very similar to the derivation of Cady3 , we derive the phase

shift to be determined by:



cotp =-Sin(co/VE)/(a/VE) (4)

where VE is the wave velocity under constant electric field and a Qm(Qm is the mechanic

quality factor). For PMT-5, VE and OQ, are 2794 m/s and 70 respectively 6. For the bar (1=5.6cm)

used for the measuvment, the phase shift was calculated according to eq. (4). The calculated pahse

shift and measured phase shift are illustnted in Figure 6(b), they are in excellent agreement.
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Figure 1: The Schematic diagram of the double beam laser interferometer.

Figure 2: The light intensity vs the differential arm length. A and B are the stabilization points.

Fugue 3: Sample geometry and mounting.

Figure 4: 0 of PZT-5 ceramic as a function of frequency. A stands for the value calculated from

Smits's method.
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Figure 6 (a): The transverse displacement amplitude u aud 0 as a function of the driving

frequency at high frequecy range for a long (1=5.6cm) PZT-5 ceramic bar.

Figure 6(b): 0 p as function of frequency at resonance frequency range. 'lhe continous curve is

calculated from the vibration theory using modified Cady equation and the data points are measured

using the laser interferometer.

Li



Trandation stage

t

Ret nkirror Servo Polarized laser

AJ4

tTI4

AC PBS I
Amp. mirror

PBS.
PBS3

X/4

leas

sefvo 
sample

Ampoj 
pie

I 
lets

letr
LIPS

.15v 
L4w 1)44

miffor
W. Pboto-Det BS

Pie-Amp.

nurror

scope



'1



L-

Laser beam Laser beam



U,

-0

0
L

L

LE

-C

4JJ

13~

I I



U,)
-0

L
0
L

0*
L E
L

00

- U)
00
CL)

Cl,

0 0
0 Ln0

(N/Dd) .



ul
0

L
0
1L

L L
0 .-
L E
L

0

4J +' 
-

0

-y

L

0L

0 0)



0 0o 0 0 0 0 0
o 0 0 0 0 ru0

0
0

NI

0 >
0 U

-0 c
00(u

L

U0

0 0 0 0 0 0
u- u- 0 U-) 0

I I i

( 2 J62a) e



0
0

10
0

00



APPENDIX 7



-erru ec'rics. 19YE. Vol. l(N. pp. U00-O ,U I'M) Gordon and Breach Scitmck Puhlishrs S.A.
R1cirin. availahbi dircelly from Ihe publisher Pruitcd in Ih Uitd%;d SItii, of AniwL'ica
lhtititiii~tIyiiig Im-1: ii.d y II liclis. only

AN EQUIVALENT ELECTRIC CIRCUIT OF A
PIEZOELECTRIC BAR RESONATOR WITH
A LARGE PIEZOELECTRIC PHASE ANGLE

DRAGAN DAMJANOVIC
Materials Research Laboratory. The Pennsylvania State University,

University Park. Pa 16802 USA

(Recai'ed October 21. 196V; in final furm Juiuury 26, I'N))

The effct of the piezoe ctric phai angle on an equivalent electric circuit of a pwzoullctric rumnltor
is dibcuwd. A new 4.quivalenl circuil is derived which contains componentis ,,ouiatcd with thc pli-
zouclctrically coupld energy loes. The impedance of the durived I:quivalent circuit is ini cxcullkt
agreement with the expcrimentally determined imnpedance oh a piezu curic ccramiic r.,,onator having
a siniticant pZ , dcLtflC phue Anl e .

Keywords: equivalent electric circuit, piezoelectric relaxation

1. INTRODUCTION

In the past several years there has been increased interest in relaxation of the
piezoelectric properties of some single crystals,' ccramics. 2 aind compXosit iale-
rials.' Although the piezoelectric relaxation in these materials is not yet fully under- o
stood, it is clear thai it does not originate from an independent loss mechanism in
the material, but is a result of an electromechanical coupling between the dielectric
and mechanical losses operating in the material.4 A particularly interesting con- ,u

0sequence of this coupling is that the piezoelectric contributions to the total energy cc
dissipation in a material may be either positive or negative, depending on the sign -u
of the piezoelectric phase angle.s

In the vicinity of the resonant frequency, the relevant properties of a piezoelectric
resonator may be described by an equivalent electric circuit. In practice, the usage
of equivalent circuits greatly simplifies the analysis and design of piezoelectric
transducers. The equivalent circuit, in standard form, for an unloaded resonator
is shown in Figure Ia, and contains components which are associated with the
mechanical losses (R,) and dielectric losss (R,) in the resonator." 7 Land er al.,"
have noted that a resonator with a nonzero piezoelectric phase angle can no longer
be represented by the standard equivalent circuit or its simple generalization in
which the resistors R, and/or R, are replaced by a series of two resistors, one of
which would then account for the piezoelectrically coupled energy losses. Martin"
also discussed the effect of the piezoelectric losses on an equivalent circuit of a
resonator, however, a new equivalent circuit which would contain elements asso-
ciated with the electromechanically coupled energy dissipation processes was not
derived.

In a recent study of ceramics based on lead titanate, which exhibit highly ani-
sotropic piezoelectric properties," a significant piezoelectric phase angle associated

IPS #866 PpW Ref. 14.U9P1 10
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with the transverse (d ij) piezoelectric coefficient was observed. Some relevant
material properties of the lead titanate ceramics modified with samarium used for
this study are given in Table 1. In the course of this work an attempt was maide to
derive an equivalent circuit which included the elements that represented the pic.
zoelectrically coupled energy losses. With the relatively Large piezoelectric phase
angle of our lead titanate based ceramics, we were able to compare the impedance
of the derived equivalent circuit with the measured impedance of the resonator.
In additilan. these modified lead titanate ceramics exhibit a change of sign (it the
real component of d,, with temperature. while the imaginary component of Ill
remains the same in sign. "u Thus. the piezoelectric phase angle changes its sign
with temperature. permitting us to observe whether the derived circuit is sensitive
to the sign of the piezoelectric phase angle.

2. DERIVATION OF THE CIRCUIT AND DISCUSSION

For simplicity. the bar-shaped resonator (Figure 2). with an electric field perpen-
dicular to the length of the resonator is considered. For a ceramic resonator, the
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TAULL I

S.luxtcd priprties of modified lead titanate curamic u.'d tor this
tLudy. The data arc fur ccramic wmpic: in a shape ol a tin disk

and a bar. at 25C and polcd at W kV/cm.

Property Symbol (Uni. )

Compusifitm (P), %1,,,(i, M, ,)

Laflice Contants' a (A) 3.tA)2
c (A) 4.072

Dernsy- V (kg/rm') 741-1
Transition temperature- T (C) 310
Elastic prop rtic

Pummm ratio ( ( 0.177
Elastic cumpliance 4, (m-'/J) 7.65 x Io 2

Mcchanhcal quality factor' Qm-9-

Dielectric properties
Relative dickixlri: permitiivity, t "/t (-) 175

Dickectric Ios sluu runS (-) II.UI
Piezoeectric properlie

Tranivcruc cucf'fcicnt dl, (CIN) 0.27 x 10 :

Longitudinal coufficicnt d1, (C/N) 60 x 10
Piezoekctric l facto ra, (-) 0.15
Planar ioutling culicnt /., (-) wo.oi3mK
Transvcrw: coupling cuciticicnt kl (-) 0.11 25
Thicknem coupling coclicicnt k, (-) 0.45

Point group 4ao
-97%'. of Ihe theoretical

Cubic (,,LID,,) tO ictragunal (4mr)

, -*s,14 = ,
at I kHz: v,, - 8.5 x 10 2-F/m

at I kHe; tan6. - vldw",
Sm.uG = mld;,

X w

FIGURE 2 Piezoelct c bar .uator. "hu top and bottom burlut, arc clctrudvd.
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direction of polarization is parallel to the driving electric field which is applied
parallel to :-axis. The admittance Y of such a resonator which oscillates in the
transverse mode is given by:"

y=i w I  .r_ + , i , tan -;l

where 1. 1 and iv arc the length, thickness and width of the bar. respectively, and
p its density. -t, is the dielectric permittivicy at constant stress T ;rod .s', is the

elastic compliance at constant electric field E. The superscripts E and f arc omitted
hereaftcr for simplicity. Near the resonant frequencies, Equation ([) can be ap-
proximated by: '2

Y =- .( -! wl + i ps,- "" -n _w
t (2)

ps"1J-

where summation goes over n = 1. 3.5 . and n is the number of the overtone.
In order to describe the effects of energy loss on the resonator's impedance, it is
necessary to introduce the complex elastic and dielectric coefficients: s,, = s; -
is', and e,; = 6, - if'i,. Similarly, in order to account for the effects of pie-
zoelectric coupling on total energy losses, the piezoelectric coefficient is also as-
sumed to be complex: d,, = d, - idt,. The ratio di/d'i then defines the tangent
of the piezoelectric phase angle. Equation (2) can be simplified by defining the
fundamental resonant frequency as 4 = - 2I12p, and writing d-A,/s,, = Reds +
ilnds. Thus, one obtains. near the fundamental resonance (it = 1):

Y = iw(' - Reds) - + w(x" + inds)-
I I

+ iW , (Reds + ilmds) -i_ (3)

where U = (wli - w2)/w., M = sa,/s;, and assuming w-/uw I. A further
manipulation of Equation (3) leads to:

/w /w 8W1 11 _____Y = iw(a' - Reds) + w(E" + Irnds) - + ho I Reds (
- t i \F + Red

+i. w- (ihnd,) Q + u) (4)
fir 6F + iM'/

The third term in Equation (4) can be written in terms of the components of an
electric circuit in the following way:

Y1 "(5)

R, + i L,-

- EPS #M86 Papa Ref. No. 89 P110
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where R, = MuwC, C, = 8wiRedsl'l and LIC, = I/wa. As expected, the resist-
ance R, is associated with the mechanical losses," and the product ol the inductance
L, and the motional capacitance C, defines the rconant frequency ",,. Similarly.
the first term defines the clamped capacitance C,, = (&i. - Reds)lwt and the
second term, related to the dielectric losses, is reprcscntud by I/R, = w(+' 1 +
lInds)Iwlt.

The last term in Equation (4) is proportional to the third term with the propor-
tionality constant being i(/mdslReds). Therefore, one can use the following ab-
breviations: R, = RIi(imdslReds). Li = L,/i(lndslReds) and C, = i(inds /
Reds)C, and the last term in Equation (4) may be, then, rewritten as:

Y, =1 (6)

R', + i (wL.;

A simple calculation shows that the admittance in Equation (4) is identical to
the admittance of the electric circuit shown in Figure lb, with its components
defined as in the text above. In the limit d-, - 0, the impedances of the standard
equivalent circuit, Figure la, and the new one, Figure lb. coincide, assuming
u , -,,, 1. It is interesting to note that, although the values of the "resistance"R .
"capacitance" C, and "'inductance" L, are purely imaginary numbers, the total
impedance Z., = I1Y, of the corresponding branch of the new equivalent circuit
may still be expressed in the same form as the impedance Z, = I/Y3 of the R,-C-
L, branch (compare Equations 5 and 6). In fact, the imaginary part of the Z,, R'
= i(hnd3iReds)R,, is now simply a reactive component added in parallel to the

X I W'4

1.565

0

b

a
1. 525 x1 "

0 4
G (I/Ohm)

FIGURE 3 Adinuca loop for a (Pb. Sm)TiO, rwionatur at UC, The Ci riO c nt expcrimntal
ata, aid IhL carw a) and b) asxrespond to admittanc o ih'thu an new quiv-ienl circuit.

rn,.1.tivuly. DOimsWon uf the remonsor aru: I - 1.435 x 10 -' m. w - 1.454 x III ' n. ( - 1.99
x 10 I on. ji - 742U kom 1. The valus uf the fudvant cugl lmu nh ar.: s;, -r,'., = 7.&A x III I
- i1.171 x 1U1 1 m/N. di, - i -- 6.703 x to . - I6N3 x 10 -  / N, h i,, - 1.6 -12
x 10-" - i6.764 x U-1 F/n.
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x I 0- s

10.35

a
i b

E

0

0 1.5
FIGURE 4 S a or Figuire 3. -at- IWITC The vuiluef ut hu cucificicat ic:s; 137, 7.544

x 01- 18.369 x 1U " ni-/N. d~i - iJr, =-1.133 x IU -1 - 6,712 x 1 OCN, -Wi

= t,) x 1U"- i3.747 x tO 'I F/rn.

impedance of the standard circuit. The real component of Z,,, which now contains
C, and Li, is a frequcncy dependent resistive term, added in parallel to the
impedance of the standard circuit, in which the resistance R, also depends on
freqluency (R, = Mw .

Two examples were chosen to illustrate the validity of thc new equivalent circuit.
The admittance of a piezoelectric resonator made of lead titanate ceramics modified
with samarium is measured at two different temperatures.' 31 The sample was poled
at SI0 MVcm. At these temperatures. +60 0C and - I 0 C, the piezoelectric phase
angle of the examined resonator was positive and negative. rcspectively. Figures
3 and 4 show the admittance (Y = G + ifi,G - conductance, B - susceptance)
loops of this resonator. The circles represent experimental points. Curve (a) is
calculated using the new equivalent circuit in Figure lb while curve (b) is obtained
using the standard equivalent circuit shown in Figure Ia. The values of the complex
piezoelectric d.,,, elastic s,, and dielectric esl coefficients were calculated using an
iterative method' from the experimental da&ta" and these coefficients were used
to calculate the components of the equivalent circuits in Figures Ia (4l, - Ui) and
lb. It is clear that the derived circuit, as opposed to the standard, accurately
describes the admittance of the investigated resonator, by taking into consideration
the piezoelectric phase angle. The new equivalent circuit is also sensitive to the
sign of the piezoelectric phase angle.

Finally, it is interesting to see the effect of the piezoelectric phase angle on the
power dissipation of the derived circuic. The power dissipation P over one cycle
is given by P - (U, cos 40)/2, whereU -U,, exp~i) and I = ,, exp(iwt + 0)
ared the AC driving voltage and current across the resonator, respectively. It follows
that P -!LP,. Real (IIZ,,,), where the Z,,, is the total impedance of the circuit.
Then:

BPS #666 Pap ef . No. 89 P 10
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R1
P a Real(l/Z) =R,

RI + w -'

R eds ( 1))

The origin of the last term in Equation (7) is in the piezoelectric coupling between
the dielectric and mechanical losses in the resonator. Depending on the sign of the
ratio IndslReds (which in turn depends on the sign of the piezoelectric phase angle,
d'tidl1) and frequency. this piezoelectric contribution to the power dissipation
may be either positive or negative. The above result agrees with the predictions
made by Holland5 and Mezheretskii 3 that the electromechanically couplcd losses
in a piezoelectric material may increase or decrease the total energy dissipation.

3. SUMMARY

In summary, we have derived an equivalent circuit of a piezoelectric bar resonator
which exhibits a significant piczoelectric phase angle. It is experimentally verified
that the new circuit is necessary for an accurate description of the impedance of
such a resonator near its resonance. The predictions that the piezoelectric contri-
butions to the total energy losses in a piezoelectric resonator may be either positive
or negative are confirmed by calculating the power dissipation in the derived circuit.
The new equivalent circuit is sensitive to the sign of the piezoelectric phase anglc.
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TEM STUDIES OF Pb(Mg1 13Nb2, )O-PbTiOj
FERROELECTRIC RELAXORS
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Dept. Physics, University of Essex. Wivenhoe Park, Essex. U. K.
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TEM was used to ohserve nanoscale microstructural changes which occur over i range of PIN-PT
compositions. Increasing PT additions to the PMN.PT solid solution modify ferroclectric and structurall.
ordered domains. The relevance of nanostructural changes to the corresponding dielectric properties
are briefl. discussed.

Ke vwords: transmission electron microscopy, ordering. peroiskite. ferroelecrric.
morphotropic phase boundary.

1. INTRODUCTION

Pb(Mg, .Nb, 1OO,-PbTiO 3(PMN-PT) solid solutions exhibit a range of ferroelectric
properties dependent on composition. Solid solutions low in PT content show
diffuse frequency dependent Paraelectric (PE)-Ferroelectric (FE) phase transi-
tions characteristic of relaxor ferroelectrics. Such compositions have potential ap-
plications in electrostrictive and piezoelectric devices. The behavior of relaxor
ferroelectrics is usually attributed to an underlying heterogeneous distribution of
B site cations over the perovskite lattice. Microregions of varying B cation com-
position have different transition temperatures and cause a 'smearing out* of the
PE-.FE phase transition.' A size distribution of microregions gives rise to a die-
lectric dispersion within the radio frequency range. a feature also characteristic of
relaxor ferroelectrics. Microregions which have undergone the PE-.FE transition
spontaneously polarize parallel to (111) crystallographic directions (when the low
temperature ferroelectric symmetry is rhombohedral) and are then referred to as
polar microregions. Polarization vectors in each region are randomly oriented in
the bulk and can be thermally switched to any of the 8 equivalent (111) directions.2

If the thermal energy of the system is sufficiently reduced, the polarization vectors
of the polar microregions can be stabilized andpolar microdomains develop. Un-
poled relaxor ferroelectrics exhibit optical macroscopic isotropy below the Curie
temperature. However. when an external field is applied, a relaxor becomes ani-
sotropic and macroferroelectric domains are observed to form.

Increasing the PT content to the PMN-PT solid solution is accompanied by the
onset of more 'normal' ferroelectric behavior. 'Normal' ferroelectrics exhibit a
sharp PE-FE phase transition at the Curie temperature. On cooling through the
Curie temperature spontaneous dipoles form and align within macroferroelectric

-,aterials Research Labs . Pcnn~yliania State Universit'. Universit%. Park. PA USA
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domains to give regions of uniform polarization. These domains arrange themselves
within the bulk in order to minimize the free energies associated with depolarization
fields and strain.

At about 35 mole - PTt the PMN-PT phase diagram exhibits a morphotropic
phase boundary (MPB). Below 35 mole % PT. the transition to the ferroelectric
phase is accompanied by a lowering of symmetry from cubic to rhombohedral.
Above 35 mole % PT. the low temperature ferroelectric phase is tetragonal. How.
ever. the MPB composition varies with temperature.' Thus on cooling compositions
which lie close to the MPB. tetragonal and rhombohedral symmetries can develop
successively. PMN-PT compositions near the MPB are both of technical and sci-
entific interest since anomalously high electrostrictive coefficients are known to
exist in such compositions.'

PMN-PT solid solutions have the perovskite crystal structure. The possibility for
structural ordering in many Pb(B1B,.,")O3 perovskites exists since more than one
cation shares the B site. The tendency to order arises if B' and BII cations vary in
ionic size and valance. In this case ordering tends to reduce the total strain and
electrostatic energy respectively of the lattice.5 Ordering takes place by the diffusion
of constituent B cations to neighboring B sites. The 2a, x 2a,, x 2a, (where ao is
the lattice parameter) FCC superstructure which results can be detected by electron
diffraction. In addition, the distribution of structural order can be revealed by TEM
dark field (DF) imaging of superlattice reflections. The existence of short range
1:1 order of B I and Bi" cations in PMN has already been established using TEM
high resolution 6 and DF techniques.'

Though the dielectric and piezoelectric properties of PMN-PT solid solutions
have been thoroughly investigated, few studies on the associated nanostructures
have been reported. This paper aims to correlate the results obtained on the
nanostructures, observed by TEM. in various PMN-PT compositions. to the rel-
evant dielectric properties.

2. EXPERIMENTAL

Ceramic discs were prepared via the Columbite route in order to minimize py-
rochlore formation.1 These discs were mechanically polished to a thickness of about
30 l.m prior to atom beam milling at 5KV in order to obtain thin TEM samples.
Microstructural observations were made on a JEOL 200 CX TEM. Low temper-
ature observations were possible using a Hexland liquid nitrogen cooled stage.

3. RESULTS AND DISCUSSION

3.1 Ferroelectrc Domains

Figure I(a) exhibits a bright field (BF) image of the relaxor composition 0.93 PMN-
0.07PT at - 170 0C. On heating the mottled contrast quickly disappears. Figure
1(b) is a bright field image of the same area as shown in Figure l(a) after a short

-This value is dependent on processing history.
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f

50nm

FIGURE I(a) Mottled contrast observed at - 170C in 0.93PMN-.07PT. Dark arei (-tnm in izeI
are associated with polar microdomains,

FIGURE 1(b) Macropolar-domains observed in 0.93PMN-0.07PT at - I70C.

period of being radiated by the electron beam. This exhibits a complex array of
macro-ferroelectric domains. High contrast x-ray film was required to record the
mottled contrast in Figure l(a) since the transformation to the macro-domains
observed in Figure 1(b) took place almost instantaneously under the electron beam
irradiation. The dark areas (-80nm in size) observed in Figure 1(a) are believed
to originate from the dynamical contrast associated with the stabilization of micro-
polar regions. Radiation with the electron beam is believed to both locally heat
and strain the sample. Heating the sample causes the micropolar domains to become
thermally unstable and the contrast disappears. The simultaneous application of
stress (caused by the electron beam bending the specimen foil) aligns polar vectors
and macro-ferroelectric domains develop (1(b)). A similar micropolar-macropolar
transition has also been observed in a TEM study of 8.2'7 7 I0 PLZT"
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FIGURE 2 Complex macropolar domain structure observed in O.8PMN.41.2PT at -17II"C.

It is interesting to note that no polar microdomains %%ere observed in relaxor
PMN at low temperatures. This is possible if the micropolar domains are thermally
switching or if the spontaneous distortions of the dipoles are too small to be
detected

Figure 2 shows a BF image of complex macrodomain structures observed in
O.8PMIN-0.2PT. No polar microdomains could be imaged in this composition. I-ow-
ever the complex configuration of the macrodomains may imply the existence of
many nucleation sites and thus the early presence of polar microdomains. This
situation may also he complicated further by surface depolarization effects that
exists in thin foils.

Figure 3 shows a BF micrograph of macro ferroelectric domains observed at
room temperature in 0.6PMN-0.4PT. This composition is close to the MPB and
exhibits a 'normal' PE-FE phase transition. Both 900 and 180' domains are present.
The 900 domains are twinned on { 110) planes and alternate domains have different
widths.

FIGURE 3 90' and Itti domain% observed in ti.6PIN4I 4PT at room iperazturc. Aitcrnaite W"
domain widths are approximatel% 2u~nm and 41i'nm re, pectiveIy



TEM STUDIES OF PM.-PT [3&'l]lit

FIGURE 4(at Structurally ordered domains observed in PMN (-6nm in size.

FIGURE 1(h) (11WU SADP associated with Figure 4(a). The superlattice F spots are indicated.

3.2 Structurally ordered domains

Figure 4(a) exhibits light domain contrast -6nm in size, observed by dark field
(DF) imaging the f3/2. 3/2. 3/2) superlattice reflection in PMN. These domains are
believed to be associated with regions of short range 1:1 ordering of magnesium
and niobium cations on the perovskite lattice. The superlattice reflections (F spots)
are indicated in the (110) selected area diffraction pattern (SADP) shown in Figure
4(b). With increasing PT content to PMN the ordered regions are observed to
reduce in size. Associated with this reduction in size is a weakening of intensity of
the F spot. Figure 5 exhibits the (110) SAPD observed in 0.6 PMN-0.4PT. In this
composition the F spot is undetectable which signifies a statistically homogeneous
disorder of magnesium and niobium cations over the lattice.

The implications of 1:1 B cation order in Pb(B.B' [,)O3 perovskites when x"
113 (as in the case for PMN) are unclear. In x - 1/2 perovskites 1:1 ordering of
BI and B" cations is expected to reduce the variation between local chemistry and
bulk stoichiometry. In PMN. regions of 1: 1 short range order of Mg and Nb ions
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FIGURE 5 (10) SADP in 0.6MN-0.4PT. The F spots are absent.

deviate from bulk stoichiometry and necessarily result in volumes rich in Mg (or-
dered) and separate regions rich in Nb (presumably statically disordered). Thus,
in the absence of compensating charge effects. huge space charges would be gen-
erated in the lattice between ordered and disordered regions (with effective positive
and negative charges respectively). Even though it would appear that it is ener-
getically favorable for Mg and Nb ions to order (from electrostatic and strain
considerations) only limited short range order is observed, even after prolonged
annealing. It is proposed that any space charges generated. during the 1:1 ordering
of Mg and Nb ions, limit the degree of order obtainable and an equilibrium size
of ordered domains is reached when the lattice is no longer able to compensate
for such charges.

Titanium ions also occupy B sites in the PMN-PT solid solution, and since PMN-
PT compositions exhibit a progressive decrease in B site order with increasing PT
additions it is possible that Ti ions dilute the electrostatic and strain interactions
between Nb and Mg ions. thus reducing their tendency to order.

3.3 Microstrucnaral: dielectric property relations

Figure 6 shows the dielectric behavior near the PE-FE transition temperature for
a range of PMN-PT compositions. Clearly more 'normal' ferroelectric behavior is
associated with increasing PT content. The existence of polar microdomains ob-
served by TEM in the 0.93 PMN-0.07PT relaxor composition supports early theories
regarding polarization mechanisms in relaxor materials. In the same composition
the micropolar-macropolar domain transition has been observed and followed
*in situ'. This serves to simulate the isotopic/anisotopic behavior observed in such
compositions on application of an electric field.

With increasing PT content only macroferroelectric domains are observed. char-
acteristic of 'normal' ferroelectrics. This trend is reflected in the dielectric curves
shown in Figure 6.
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FIGURE 5 Pyroelectric coefficient vs temperature for various compositions in the (1-x) PMN:xPT
solid solution.

PMN:PT can be suitably adjusted for the room temperature pyroelectric applica-
tions. In the present studies we focussed on the MPB compositions especially.

In most cases like in the dielectric data, two major anomalies corresponding to
the phase transitions cubic --- tetragonal - rhombohedral, were observed.

Figures 5 and 6 show the pyroelectric coefficient and the plots of polarization.
respectively, for various compositions in the (1-x) PMN-xPT solid solutions as a
function of temperature. Pyroelectric coefficient increases with mole% PT. How-
ever, for x more than - 0.325, the pyroelectric coefficient decreased. The com-
position with the maximum pyroelectric coefficient and polarization P, (Figure 7)
might be at the morphotropic phase boundary similar to that observed in the K vs

0.6 1 1 1 1 1 1

x a 0.3 (I-x)PMN-xPT

0.4- OL45

E

0.2"

-100 0 100 200 300
TEMPERATURE (OC)

FIGURE 6 P, vs T plots for (I-x) PMN:xPT system.



36 S. W. CHOI et al.
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.,

0 0.1 0.2 0.3 0.4 0.5
MOLE FRACTION OF PT

FIGURE 7 Maximum and room temperature polarization values as a function of mole fraction of
PT. "

T studies. The broadening of the peaks in the pyroelectric coefficient vs temperature
plots may be due to the coexistence of the ferroelectrics and paraelectric phases.
The presence of two peaks in the p vs T similar to that of K vs T (Figure 8) data
could be due to the slight curvature in the MPB boundary. The spontaneous
polarization decreases gradually with increasing temperature. but does not vanish
at the transition temperature of the solid solution. This is typical of a relaxor
ferroelectric. It is expected that the micro-regions of ferroelectric and paraelectric
coexist in the transition region near the transition temperature. The maximum
pyroelectric coefficient is observed at the compositions x - 0.3-0.325 as shown in
Figure 5.

CONCLUSIONS

The largest dielectric constants are found at the composition x - 0.30-0.325 mole%
of PbTiO 3. The magnitude of dielectric constant before and after poling changes
very little for the composition near the MPB. Anomaly in the plot of the transition
temperature vs mole fraction of PbTiO 3 was observed at the composition x = 0.30-
0.325.

Maximum peak value to the pyroelectric coefficient was observed for x - 0.325.
The pyroelectric coefficient vs temperature plots showed two anomalies similar to
those of dielectric data. This suggests the possibility of the curvature in the mor-
photropic phase boundary in the PMN:PT system.

Maximum values of the spontaneous polarization was observed for x - 0.30-
0.325. It has been shown in the present study that ferroelectric solid solution of
PMN:PT with composition close to the morphotropic phase boundary exhibit the
high dielectric constant and relatively superior pyroelectric properties.

Based on the present dielectric and pyroelectric studies the morphotropic phase
boundary in the system PMN:PT possibly exists at x - 0.30-0.325.
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X-ray studies in an attempt to establish the proposed curvature in the morpho-
tropic phase boundary is in progress.
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rn9trsritv underlofi RsonoI
Lead Magnesium Niobate-Lead Titanate (O.9PMN O .1IPT)

and Lead Lanthanum Ziroonate Titanate (PUT 9.5/65/35)

Qiming Zhang. \Myi Pan, Ama' BhaIla.* and Leslie E. Cross*
Mateftas Resacric Laboratory rr Pennsylvania Stare University.

Univeri Park, Pennsylvania 16802

in situ men fema of electreutirlctlve strain and effectve In this paper. we repoas an in situ elecuoasmrcuive and dielectric
dielectric constn for iwo felrlectreIN relaxe materlab. lad study of two typcal relaxor materials: lead lanthanum zarconate
MaPsd= in ae ~mi itaaas (0.9PMN -0.1F) OWd lad taaaw (PLZT) of composition 9.5/65/35 and lead magnesium
laathmu icomate Itatiue (PLZT 9.3/65/3S). were per- niobate-Lead titanaite (0. 9PMN -0. 1 PT). These measurements
foredIdie owpatras ageenear his epectve rime were carred out at temperatures from below T. to far above that.
curie peilate under the vrwnat of ppled electric field. The tn a region of great intres from bath a theoretical and practical

Iee-a results show that the pehlaede..reletd else- point of view, and with vairiation in the amplitude of the measured
trutrtctie oefideteQ# are ONa ecetn under varietien at electric field. We will show that, relaed to the dielectric anomaly.

temperatare and electric field. The obese v. anmaly is Q# there is an anomaly in the grain response behavior. On the basis
injeno she dynandec beailert of dohef aein mirpeler do- of the concept of RPT. we will discuss the function of different
mem and Ias ceupilag to boed defect atrucam. The dat aes, components tn the ,ulazo materials. the dynamics of the micro-
Suppert the Idea that at teuperatere fag, above the mm polar domains. as well as the effect of local defects on polarization
Curie pelint, thee is sM~ a submtail amena Of mleropele vector flipping.
demak end th IrPon of the relaxers =isih at the as- The electrommrctive coefficnots ame defined by
perlmene temnperatue m ne is 11rm the combined contiribas. ,-W, ,(aton due to induced polarization and micropolasr domnaa 3f E1 ()
(UppIng. (Key words: lead lhmain, udressntes tate.ft - l',Afb)

dkkcrk sowii~lwhere s, are the strain components and M,,d and Q,,., are the
I.electrostrictive coefficients related to the electrc field E and po-
1. Inrodutionlarization P of the sample. In the later discussion, these elec-

U .4~ normal ferroelectrcs. which have well-defined Curie trost-ictive coefficients ame represented by.M and Q. Using the
temperatures to separate the ferroelecmrc and partielectric convention that.M,, or - V-.M. or Q. (in. n - 1. 2. 3). in our

phaises. relaxor ferroelectrics exhibit a broad uiansititon peak in experimental case where only Mi, (Q11) and 3f,, (Q,.) were mea-
the weak-field dielectric constant. This kind of transtson behav- sured. the followtng equations ame used:-
ior is oftenI referred to as diffused phase transition (DPT) in thec*E) ; ,QI' a
literature.'. A distincit feature of DPT in the case of ferroelecmrcS 1  .WE. s,=Qii
relazor materials is the frequency dependence of the weak-field si, MEj Sii ( IP)fb)
dielectric constant maximum T.,. and upoo increasing the fre- The effective dielecuic constant in our measurement is defined as
quency. T. shift upward with a reduced dielectric constant maxi-
mum. Tis apperently cannot be relaind to the intrinsic phase - .. 8E..(3)
transition of phomon softening. It is proposed dhet the relae= ma-
terials, can be voewed as having a strong breakdowns of die trans. Hence, in a weak field. it is dhe dielectric constant in the normal
ladionall symfetry ariin from local conapoitiouial fluctuations,. sense, and in a stong field. it is a measure of the averaged dielec-
and relate to it there is a distributio.s of the Curie tepa tc response of do sample when theam are a polartzaio hysteresis
over a wide tempeaturie range from differmn individual micro- loop and a nonlineaity.
volumes.'3 Each microvolume is ferroseleetic in nature at a tem.
perinffe below Its T, and ata give te ues a relaxor material1. xw eo Pt m
is an assently of feroelectrl ad pal, i nI - " rgIonsM. Thus
the DPT in such murial can be recognpized as a relautor phase 0.9PMN -0. 1 PT ceramic samples used in our experiment were
transition, (PT). mae by the conventional sintering process and these samples were

Direct experimental evidence which supports this interpretation free from an aging effect. PI.ZT 9.5/65/35 samples were trans-
IS fro die maurement Of die tmraure dependence of the is- parent (hot-pressed) ceramics, which showed an aging effect. We
fractive Indea mET) and gra~in z(T) of fes-eecti relaxors." Th1 ese chose these twc materialls for this Investigaion because both samples
resuls show that both u(T) and s(T) deviate from die expected have T. near and above room temperature." which is suitable for
linear temsperature dependence of pure pumelctric beharvior and the study using our experimental Setup. Also these materials are
such deviations occur a tenaratam far above T.. Therefore. it is widely used in actuator and electrosmrctivie devices. Hence Isnowi-

imnsanhg to ask wha to die dynamica bailesier of die system wa to edge of the electrostricave respons of dimn samples at various
who atmtn does it depend on die existing icropolar domains, temperature and in various electric fields is desirable.

in the scraen measurements, all of die samples were polished
on one surface to optical quality end sputtered with gold on bothIt.T. aw ide tofor elctrdesad reflection surfaces. These samples

- were mounted 0n A temperature staep capable of varying tern-
MuedsIs 11M Ruanat Ap Ii 1. i1111 SeWi4 S01on.19Ue. perasure faa. room temperature to about 2011C. The temperature

bdoomof 141110111 Saint.
A IMCusn SUUS- stalbility of the system is about O.3T. Secaue of a sample bond-
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400 H& ad a -em &Mel mplismde of 190 V/rn.

ing prblem a high tempersanus. our experiment was limited to The mesuemen of the dieiecmc response was mae with a
1empera-t1fes1belo 15MC. A lase in'erfenumeser was used for modified Sawyer-Tower circuit. in t weak-fiel case. a lock-in

the asia mesments. Which has banis described i an earliramier AMwas used, and. the songfield case, a dgiuized asciI
11111M. The high m binof th niIner-eMde data loscope was used to fued the data.' Both the smsn and the dielec-
scatterig in the eetrostrictive coefficient measurement coin- UC rep se of die surle wan muamued simulanously to avoid
pared to that tae With other techniqus and this makes accurate, the problemri of temaperaur uncertainty. sample aging, and an
quanitative: messuenessu possible. electric field poling effect.

In the weak-fielld measurement, the typical sample thicknes
*1 M. khe be NY was 2mm fo boths PLZr 9.5/65 /35 ad 0.9PMN -0. 1IPr samples.

For the song field, thinner, samples were used and the thickness
of the samples was 0.4 m. In the measurements With variation
in the amplitude of the electric field. ail of the data were taken

NYl following a sequence fran a low-fieldi level to a high-field level to
23 avoid a possible hystess effect However, we found tha in somec

caseis eve if Md11 and a change because of hysteresis at tempera-
IOW.5C 5 Muri below 7,.. the (21, obtained seem not to show any obvious

24 chag from the in situ measurement.

iLRessiit

(cC The weak-field 0%, and Ad1 as a function of tempeatur are

2 0-- - r __ 0 shown in Fig. 1. The measring field level was 190 V/cm. The
-~indluced stain corresponding to that was below 10-'. The choice

22UI 1.50C -of such a measring field amplitude was for the reaon of expert-
- 5 a astnta convenience. Upon reducing the fiel level. we did not5I observe change in either Qjj or M11. But large changs in both

* M,, and (?,, with tempamue were observed. ForM11. this bo-
0bavior was expected becaus of its coupling to the dielecui COD-

~~~~W 2 stn.Which has a larg veiasions nseT. Th M eisaimusm of M',a2 coincideis with weak-field dielectric consueat maximumn 7. and
a423C has a value of 5.95 x 10'" mz/V' The minimum of Q,, lies

about 10rC above r. (-3MC and its value is lIx 10" mn/Ci.
~~ 10 3 The values may be rep1duce within 2% ernor.

.1 Q,, and a. subjecte to a chansge in the ac field level, were
IL ------ '----------- msmedat muea iblo ,. na T., ad above T.. These

___ d=mu Planed Pin. 2. At 256C. the dieli coatirased
24 (0)with an increase in the flid amplitude, ad niw 3 kV/cm, it

slmot doubled. Afte that, the effective dielectrc constant de-
250C censed. CuesAnmdlagY. QIii showed a decras with field and

then a increas. Atea feld level of 16 kV/cm, Q21 had a vaue of
20 -1go 21.5 xC 101 Min/Ci. close to t ctler mleasured value.$ In the

Other Oempauu wscas changes to both Q11 ad c Were much
tosmaller in the field MAP-e as shown in Fig. 2. At 109.5*C.

40 QMo was measured to be 26.5 x 103 m /C' At a field level of1.6 kV/cm 'opsdwith the Wask-fied value of 23 x 10,' aP& Lhem e ' Umu e Therefoe, in 0."M~t '0. Wir bah do wk-
U~. 2 ~sldamll~ dep~.Ue at else-fiold and Stong-field g..aywihWuseae~anmm

dhls~uees ra, Ic 21"d i dielawkl oue cmsq A res F asadainres
(41 2r.sl (Q) W

w a s f a sa s y Oa s 3 0 W 9 0 8 * 1 2 ig , 3 . Q 1. Q a :, a s W e l a ~ w h ic h i s d e fin e d a
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Tempegrature ("C) Fig. S. Effect of sample aging on the relation tie.
[we , nd* o PUZT 9 5/65'35 at 32*C using

Fig4. Qad M,,1 as a functon of tutnauame forP.ZT9 5/65/35. 210 V/cm ac field at 400 Kz.
The data well take at a frequency of 400 HS and a field amplitude of
2 10 V/c. The curve labeled C (0'J is gig Wil) and data points were
takens on watring up and die curve labeled x (+) is oil (M.) and
data were takes on cooling the samtple from the hihh Q. in the heating cycle occurred near 40*C. lower than T.. How-
differene betwee die two curves is due to die agingeffecahs ever, the minimum in the cooling cycle was shifted to a tempera-

ture above T. . Since it took about 20 min to record a data point.
the data taken in the cooling cycle were in a constant aging proc-

Q i 2Q, ame plotted with temperature. Q,, is the electrc- ess. In ig. 5. we plot the aginig effect on M,, and Ql at 32*C. It
smrctive coefficiests associaued with sanpl volumue strain. It is evi- can be seen tho Q1l composed to M,, decreses faster at first and
dent from t figure that. unlike Q,, and Qq Qil don ntIO show an then Mt, decreases faste than Qj1. The imnplication of this will be
anomaly at temiperatuares newr thes inimmum of Q. Is. I 1. 2). discussed later.
(2) Resubafwt for P T 95/65/35 The measurement of Q11 under a strong electric field was also

Thewea-fild E.,- 210 V/cm) Mil and Q1 coefficients perfomed fo frequencies fromi 0. 1 to 100 Hz at several tempera-
The wak-feld E..tures. In Fig. 6. strain versus square of the polarization is plotted.versus tempeaivre are shown in Fig. 4. The induced strain level The linear relation indicates that the strain is electroszhctive in

s) under this field is ofthe order of 1.5 x 10-l. It is interesting nature. Q1 1Itaken from the slope is plotted as afunction of fr uency
to "o that, besidoh variation of Mil and Q1, with teprmt for the three temperatures in Fig. 7. A very weak temperature and
the data taken from warming up and cooling down showed differ. frequency dependence can be seen and this change is similar to
ent values below WC This is apparently related to the aging of the behavior observed in the case of weak-field measurements.
the sample.' The warmung data were taken on a well-aged sample Compared with 0. 9PN -0.l1 PT data, the change in b:oth Q,
(aged at room temperature for several months). The miunimumn for and Mll with temperature for PUTI 9.5/65/35 is much smaller.

(a)
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35 T various response functions of the sample. the data can be under-
stood consistently.

From the idea of local Curie temerane dimbutun. we expect
that the samples in our experimental temperature range will be

-- composed of three different ancro tegionS: mgion 1. where the local
Curie temperature is far below the measuring temperature To;

6 o region U, where the local T, is near but below TO; and region Ul.
30 with the local T, > To. Region I is the pure paraelecmc phase

o U-.1. , ' . 0 region where no phase transitions can be induced by the external
- C field. Region II will show a kind of field-induced transition.' °

540C even if in the relaxors. such transition may be highly smeared inj
nature. Region I1 is the region with micropolar domains. The re-
sponse behavior of a sample from the rust two regions is usually
called intrinsic and the response due to existing domain flipping

2 , I I I 2 3 (or tunneling) is called extrinsic.
og (f) If we are concerned only with the response from the first two

regions of the sample. taking 0.9PMN. 0.1 PT as an example. it
would be reasonable to think that Q11 should increase with tempera-

t a stronl id level. ture in the temperature range from just helow T. to the highest
local Curie temperature. The overall resoonse of the sample from

these regions is a statsuca averaging over all of the local regions
Region 11 will have a large weight factor since it is more softened

This is related to the smaller changes in the dielectic constants to the external field than region I. From recent refractive index
with tempratulre. measurement results, the highest local Curie temperature of

The evolution of the electrostrictive coefficients from weak 0.9PMN 0. IPT is approximately equal to T, of pure PbTiO,."
field to strong field for several temperature points is shown in For regions rich in PMN. there will be a large resistance to the ap-
Fig. 8. Again. in contrast with 0.9PMN 0.1PT. where the di- pearance of spontaneous polarization and these regions will have
electric constant and the electrosmuicuve coefficient change in op a lower local Curie point (T, for PMN is below 0°C).
posite directions, the PZT 9.5/65/35 sample showed an increase The two end members of 0.9PMN • 0. I PT have quite different
in Q1 as the effective dielectric constant increased. It is most ob- Q. coefficents. Q1 for PMN cermcs is about 19 x 10' m'/C2 "
vious in the room-wiiperre sm. where an abrupt inrease in For ceramic PbTiO. no direct data are available. Based on av-
Q,, occurred in fields between 2 and 3 kV/cm. We did not observe eraging of the single-crystal data. Haun et al." calculated the
saturation in the effective dielectric contant at a field level above value of Q, for ceramic PbTiO, to be between 22.8 x 10- 3 and
17 kV/cm. Qi1 was also measured at room temperature with 56.5 x 10- ' m4/C. Regions with higher Curie temperatures will
variation in field. An increase in the magnitude of Q1, with field. have a larger Q, compared to the regions with lower Curie tem-
similar to that in Q,,. was also observed, as shown in Fig. S. The peratures. This consideration is consistent with the earlier work
value of Q:2 is close to the values reported by Meng et al."i How- reported by Jag' on PMN-PT composions with verous PbTiO3
ever, because of the limitation of the istrumen the measremen contents. On the average, an increase in the value of Qt, with
did not give a reliable Q, value, temperature from the intrinsic regions for 0.9PMN • 0. 1 PT may be

In Table I. some of the Q,, coefficients are listed for the two pected. In general. an intrinsic Q, disibution will exist in the re-
samples with the weak-field (WK) and strong-field (SF) measure- laxor materals. Such distribution should affect the strain response
ments at several temperatures. of the sample with temperature.

For the micropolar domains, there are two different polar-vector
IV. Dlunio. flipping processes taking part in the mechanical strain properties:

i) 1W flipping, which does not produce any strain change. and
The observed anomalous behavior of Q, with temperature and (it) non-18W flipping, which changes the strain of the sample. If

field appears not to be due solely to the inuinsic properties of the the polarization change involves induced polarization (P) plus
sample. By assuming that there exist micropolar domains which pure 1W domain flipping, using Eqs. (I) or (2) to calculate the
are actively coupled to the external field and contibute to the observed Q (Q,). a smaller value will be obtained. i.e.

, , 4 1 I I • (4 11

. ,- 3

S, and 4 at 540C 0, and ot ol0C
--g , t' * 116 2,5,  . * . ,

a S 0

1 1 . .--' !1 ' Il- (b)

Q a f 2eatZ3C -Olaot 23C 1% L ieWU WaEo.

5 i.~...A4 . (a) , -..r K 2,3C. (t) 11t, , '2C. (c) Q,, ad a M

9 Iltil a llveml W od (d) 01,, a eI IIaC.
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12b- r/ ( s1P!)(P,/P,i Tabl QvorO.9PNN.o.ip'rawPLZT9.5;65/35 5g

- 9.(P/P,)' (4)SellecteTipemsiurue

where P, is the total polarization change. s is the induced srain (A A iON-.lP
and Q~. is dhe intrinsic Q. Since P, > P. therefore Q. < Q,.. In cof 4z 5- 875-

thetelaornsmal usd i ouexeisest ~ ~WF Q,, 20.3 18.6 21.8 23domain flippin should be present. For the sake Of simplicity. we WF Q., -7.7 -6.3 -7.0
start with a single crystal of tetragonal structure. Assuming its WF Q, 4.9 6 7 8prototypic cubic phase has a lattice Parameter a. in the tetr'agonall SF Q11  21.5 (16 kV/cm) 26.5 (18 6 kVicml
ferroelectric phase. the lattice parameters am c - a l1 and
Is - a - %12..Coeresponding to that. thestrain will be s~,- AllIa. (B) PUZT9.5/65/35
and 4*, -. %lJja. For domain flipping from a fully thermally Q2, 1 e 10" MIXC
depoled stae., the initial P -0 state has an averaged lattice con- Coeaf* ZC 51 STC 54T 01 51C
stant: a. - a +- (l/3)AI, - 2/3)412. If we assum that all of WFQ, 26.4 26.3 27.4
the domains am aligned along the field direction after switching WF Qi, -9.5
talong one of the c ame), then it is a single domain crystal. The SF oil 28.7 (1S kMicmo) 28.5 (15 kV/cmi.
strtins produaced by domain flipping from a fully thermally depoled 29 2117 kV';m)
state, thereforle. are *wF snis for weak field and SF (or siw. field. The ield levels saw flnawsed

in Parentesis; following die Q,, values.

xi (2134s,3 * (213W., (5a)

s,. -(l0311 +- (11341, (5b)

It is clear that .11, > 2.111. Even for a fully poled single-crystall believe chat this disicrepailcy is caused by the fact that in these
relaxor material. QI1 should be smaller than that of the intrisic samples. there is both IV and non-lW micropolar domain flip-
one and the QI., will be larger in magnitude than the intinsic value ping. Since the former process has a larger polarization vector
of Q,2. For ceramics. averaging from the single-crystal Q coeffi- change and the iaer process involves ferroelascac switching. It is
cients is the same for the intrinsic Q, and the domain flipping possible that the tunsneling barriers for the two processes are dif-
produced Q. -The conclusion obtained above should still be valid. ferent and this difference in the barrier distribution may also be

The observed saun and the dielectric responses ane the combined temperature dependent. Therefore. a mxium ratio of 180* doi
contributions (a weighted averaging) of two parts. the intrinsic flipping to non-lW domain flipping may produce a mitimum in
and the extrinsic, and they ane coupled to each other through the observed Q,, (iaq = 1, 2) and this minum does not necessarly
structure of the relaxors. The anomaly observed in the Q,, curve coincide with T.. On the other hand. the domain flipping process
(Fig. 1) is a clear Indication of strong miscropolar domain activities. does not produce a volume change. This makes Q. insensitive to
Therefore, chose domains an in a dynamic state. However, in how the micropolar domain reorients and Eq. (4) is valid for Q,.
0.-9PMN - .I1PF. in the temperature range studied, the observed The aging effect observed in PLZT 9.5165135 is possibly another
Q,, has a minimum value around 18 x 10" m'/C' and a maximum manifestation of this barrier difference for the two processes.- The
value of 26.5 x 10-' ms/Ci when using the strong field. This flipping barrier for the non-180 process is higher than that of the
maximum may not be the highest value of Ql for 0.9PMN .IPT. 1 W process. At the first stage of aging. theme are more non-lI W
This kind of increasing trend in Ql, values is difficult to explain
if we assume only extrnsic contribution changes with tempera-
ture. It may involve an increase in the intrinsic Q1, with tempera-
ture as discussed above and it may also be due to the different
barrier dinnbutton for IW and non- 180' microdomain flipping
processes, as will be discussed below. The variation of Q1, in the
highest temperatue (108.56C) scan with field is consistent with
the refractve index measurements and at T > T,, there still exist
substantial amounts of micropolar domains forming so-called
polar glassy states.'

The variation in both Q., and e for PUZT 9.5/65/35 is much V
smaller compared with that of 0.9PMN -0. 1IF. This may be due Ums
to the less active micropolar domains in PLZT near T.. As
shown in Fig. 9. there is an energy barrier distribution for mi-
cropolar domain tunneling t flipping). A sharp distrbution in the
barrier may correspond to what has been observed in the case ofn
0 9PMN -0. 1 Fr and a broad distribution apparently reduces the Wb
weight of the micropolar domain contributions to the total re-
sponse of the sample near T.. This results in is smaller change in
the quantities measured. This may also offer an explanation for
the high saturation field Observed in the PUT samples.

th eney in b temauer dT o .oe mco hfoars o afcingne-_ __ _ _ _ _ _

t anrg meauring dimerture fono the fatorsafcingre-IZ O01
ing is the local Curie temperture distibution. It is conceivable Umax U
that the dognain with a Te 10 To will have a higher barrier than
that of the domei with T, nea To if they have the same micto- Fig. 9. Schematic drawing of the cineWg
volunm Pm.i thi saiagro. we would expect tha maximnum domain barrier diseiime for thr niciopolli domain
actiit (oleropolar domain muling) occurs at a temperature in the rellasior. (a) sliows a relatively sharp

juasbelw t~ lcalCut muprenre eak Ths my ~distribution which may corresponad to theijist 0o thQ loa Curi n eru ea T his mowever. dc a sa in 0.9PMN -0. 1 PT; Nb a broad disn-mialffim o T.Q o QV ar ut elo T. Hoever th obrva butimwill radute the contrbuation from thelin Of O-9PMH 0.1 r and maged PLZT 9.5/65/33 seem in- mnicropolar doumana to the respionse of the
consielle wids this consideration. where ,. Q2 lies above T,.. We S5U4 "M Tr.
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pour domain flipping processes involved. causing larger change Solid Sam I EAgI rrali .1 . 3. 613 i9t11 (b) G. A. Swale"ak. Fin ain cisamd
in Oil compared with the later stag. Of the aging process. In the LE.Cas"olmerilrm erodac 721119)
mayeraw scan. agin cmme rethced Won- 1 W polu-vector Rlip- SR. Cli led I.C. Swim. 1% Dillo Pheas Triami to Posm S

ping and doi taks t num rn i i Qu to below r. . In the voltage 'G. Burn and .H. DualS. -rsallan Paemulectnt; with Glasey Polsanza.
scan, as the applied field amplitude increass this ferroelastic- on Behgvior.' PA~s. Rev. 8. U3. 227 t1993): Oliney Poluiumomehavio in
relmi tippM can gan eo enrg to overcome die bmwn and 4012Sa Uatvatj. ivniPa.
coembiow to the respom of the sample. The incas in Qe with PA. 197W Mb A. S. temfla R. Gle. L. E. Craw. . Bum F, M . Deal. end Rt. Rt
increased it seems to be consistent with this picture. From earlier MM. --, of Seem and do i 203Wlls0n(n19671 leu
study of the abug efhct in relaxos." the local defeict Struictures pin 'nHagidia. PUZT Elecueeptc 'tiffiul Ad AppimcAne- A Riemw.-
the mripolar domains and in the PLZr sample studied t Pining Fercetis 79. 23(19M7.

'Q M. Tins. W. Y. P. adt L .LCru.. "Lawi houleauasr for mes Study ofeffect is different for different domai reorientation processe. Pulwlil ea Eetem ve Sa." . . Phys.. 63..1492-96 (1981
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THE PRESSURE DEPENDENCE OF THE
DIELECTRIC RESPONSE AND ITS RELATION

TO THE ELECTROSTRICTION
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Universit Park, PA 1690) USA

(Recehis1 March IS)

Blmed on Landau-Devonshire theory, the effect of celi sumes upon the dhiectric: response is
analyzed for fersoelectric. antifarroeectu, and relazor feelectric materials. it is shown that
besides the direct coupling between sumet and polarization which Weaft to the thertnodymamic
equivalenics to direct electrostrcton. an extra coupling occurs in systen.s with non-aeo polarization.
In FeProelectri and antiferroelectric materials the elect is quite straightforward and relations are
derived beWen asm coeffciens and direct electrastriction. For relazor ferrolectrics the relation
cannot be defned teodnmaiybecause of the dispersive contribution to the response from
switcbing of polar air regins-, however, the qualitative trends can be predicted and are W concert
with iesured - elp.

1. INTRODUMTON

Electrostriction is dhe basic electromechanical coupling for all substances regard-
less of their symmetry grop. In this phenomenon the strain is proportional to the
square of the electric field E or the polarization P of the material. It is expressed
as:

X11  Q*pirPzc (1)
or more precisely:

Q4W- 0-24(2)

The proportional constant Qw is the electrostrictive charge coefficient. Using
the Maxwell relations, the Q coefficients can be related to the change of the
dielectric stifhess with respect to the stres:

04W . i aX#(3)

Where y.# and XN are the dielectric stiness and stress respectively. The converse
electrostrictive effect offers a convenient way of measuring the Q coefficient of
various materials. By plotting the curv of x vs stress, one can find Q coefficient
from the slope. Since Q coefficient can be approximately taken as constant over
temperatures and stresmes,' the X vs str ess curve (converse curve) will be a
straight line. As observed in most of the experimental systems, this is indeed the
CM.' However, for relaxor ferroelectrics, the converse curve is not a straight
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line.3 For normal ferroelectrics, it is found that the slope of the converse curve
can change sip when the temperature increases beyond the curie point and vise
versa, which seems to indicate a sign change of the Q coefficient. 3" This is, of
course, not consistent with the directly measured Q value using Equation (2).
Therefore, a further consideration of the converse electrostrictive effect in these
materials seems to be necessary.
In this paper, the conditions under which the Q coefficient can be measured

correctly in the converse method will be discussed based on Landau-Devonshire
theory. For simplicity, we will concentrate our discussion on the pseudo-cubic
system and it is assumed that the spontaneous polarization occurs only along one
of the original axes.

II. FERROELECTRIC CRYSTALS

For ferroelectrics derived from a centric cubic point group, the Gibbs free energy
density can be written as: 5

G(T, X, P) - Go(T, X) + 1/2o(Pf + P2 + P3) + 114a 11(P + P2 + P3)
+ I/4a, 2(P2fP + P22P + P23P) + 116r,,,(P + P1 + P)
- QI(XIP + X2Pj + X D) - Q12(x(P + P3)
+ X2(P2 + P3) + X 3(P2 + P2)) (4)

where Go(T, X) includes all the terms which do not depend on P, the polarization
vector. In the later discussions, these terms do not affect the result and can be
neglected. The subscripts for stresses Xj are reduced to matrix notation. We first
discuss the case where the dielectric constant is measured along z axis. This
allows us to omit all the terms involving P and P2 if we assume that the
spontaneous polarization is along z axis. The coefficients are: o= to(T- T)
where T is temperature, er, cilt, and Q# are approximately temperature and
stress independent. For a first order transition, cilI <0 and tt II>0, and for a
second order transition, cill > 0 and P6 term can be neglected near the transition
point. The introduction of the negative sign in front of the terms involving
electromechanical coupling for the convenience of the discussion. It is clear that
Q# in Equation (4) are the same as that introduced in Equations (1) and (2).

The throdynamic stable state corresponds to the minimum of the free energy
density G. These conditions yield that a first order transition will occur at T > To
(Curie-Weis temperature) and a second order transition at T - To. From
Equation (4), it is clear that the coupling between the stress and the polarization
causes the shifting of the transition temperature. As will be seen later, it is this
secondary effect that gives rise to a large change in the slope of the converse
curve in the ferroelectric crystals.

To make the notations simpler and still have the generality, we only consider
the situation where the stress is a hydrostatic pressure, that is: X, - - - -p.
Replacing X's in Equation (4) gives:

G (a/2)P2 + (I,,/4)P3 + (ar,, 1/6)P6 + ApPi (5)
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where Q, - Q11 + 2Q12. With an electric field along z axis,

(BGl P)- E - ,rP3 + ,rP + &1,,3 + 2QApP3 (6)

(aG/1P)r - x e + 3a,,P3 + ScmP43 + 2Q, p (7)

Therefore:
(/p)(x).-.p 2Q (8)

which is just the relation for the converse method. The above derivation shows
that the partial derivative condition for Equation (8) is P - constant, which
means that as long as P is held constant in the pressure change process, the
converse method can be used in both the systems with P, - 0 and P, * 0 (P, the
spontaneous polarization).

If the experiment is carried out above the curie temperature, the above
condition is automatically satied since that phase, P, - 0 at all the time.
However, for the measurement within the ferroelectric temperature region,
P, * 0. A change of the stre will induce a change in P which will in turn cause a
change in X as shown by Equation (7). Denote the experimentally measured slope
of the converse curve as Q',:

-2 -(112 )(alap)(x) - Q% + (3e,, + oa,,lP)P3(P 3/ap)r (9)

With E - 0, Equation (6) gives (8P31p)r:

P3(aP3/ap)r - -Q,/(all + 2a 111Pj) .(1Oa)

or
(aP3/Iap)r - - 2QhP3eeo (lOb)

Substituting to Equation (9) gives the final result:

Q-h - Q,(l - (3a1 l + l0111P23)/(o 11 + 2crIP23)) (I1a)

or

Q-, - Q,(I - (6e11 + 20ar111P2)P3eEo) (11b)

where P3 and e are the spontaneous polarization and relative dielectric permit-
tivity at the measuring point which will depend on the pressure and temperature.
Equation (l1b) shows that when P3 - 0, then Q1 - Q,.

For a first order transition (6&1, + 20atl1 Pj3) is positive. Therefore in some
materials, we would expect a sign change in the slope of the converse curve when
the material measured passes the transition point from P3 0 0 to P3 - 0 state even
if Q, does not change at above and below the transition point. For a second order
transition, Equation (Ila) with o,,,- 0 shows that Q, - - 2 Qh, a constant but
with a negative slope for the converse curve below the transition point.

It is also interesting to see how this affects the converse curve for the dielectric
constant measured in the direction perpendicular to the spontaneous .polarization.
Assuming the E field is along the x axis, terms with P should be added in our
derivation from Equation (4). The spontaneous polarization is P3 and P1 is the
induced polarization which is small. There is no need to keep all the higher order
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terms in P in Equation (4). Following the same derivaion procedure shown
above, the slope of the converse curve in this direction:

- Qh(1 - 01 2/(2(0fI + (12a)

or
Q-, - QA(1 - a'12PZa338o) (12b)

here e33 is the dielectric constant along z axis. Comparison between Equations
(11) and (12) indicates that the result of the converse method will depend on the
direction along which the dielectric constant is measured.

The above discussions dearly demonstrate that besides the direct coupling
between sess and polarization which leads to the thermodynamic equivalence to
direct electrostriction, an extra coupling occurs in systems with non-zero
polar n.

Comparison of Equation (11) with experiments is made on BaTiO 3 single
crystal. BaTiO3 is a ferroelectrics with a first order paraelectric-ferroelectric
transition in the vicinity of 120C. The data by G. A. Samara for the pressure and
temperature dependence of the dielectric constant of BaTiO3 single crystal along
the c-axis (the spontaneous polarization axis) are used here." For BaTiO 3, there
is another transition near 0"C. However, unlike E, which follows Curie-Weis law
near this second transition, e33 is not affected except very near this transition.
Furthermore, the hydrostatic pressure moves the second transition towards low
temperature. At room temperature and relatively high pressure, the expression
(11) should be satisfied. From the condition of a first-order transition near 120"C,
the following relations can be found.5

a , X, citl - -4Xt/Po, t - 3x,/Po (13)

where X, and P are the dielectric stiffness and the spontaneous polarization at the
transition temperature with zero stress. Hence, for BaTiO 3:

Q Q j. l 3 _ ) ) ( 1 4 )

The data are shown in Figure 1. Both the spontaneous polarization and the

dielectric constant measured along the c axis as a function of pressure at 23C are

0 12 0 4 6O.I 12 1 4 r

Rooivo P gaut (W%)
FIGURE I Pums depend of the qomumm poartoe (0) and dimecum otan (A)
memed a1M the c -si of suie aysid BaMO, at 20C.
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shown. At p - 10 Kbar, QZ found from the converse curve is -0.0045. From
Equation (14), Q, is found to be 0.02 m'/C 2 , which is in reasonable agreement
with the accepted value of Q, -0.011 (m4/C 2) (Q1 -0.123 and Q12= -0.056)'
at room temperature. We believe that the error related is due to the existing "a"
domains in the crystal. The dielectric constant measured at the lowest pressure is
about 700, as shows in the figure, which apparently contains "a" domain
contribution.7 As the sample approaches the transition point, the increased "a"
domain activity will certainly cause a large error.

I. ANTJFERROELECrRIC SYSTEM

In order to expand the above discussion to antiferroelectric phases, a free energy
function which carries the polarization at the two sublattice should be used." '9

Using the convention adapted (sublattice spontaneous polarization along z
direction)

G-f(P. + 12)+gP.P +h(P. +P)+r(P.++Pb)+aqp(P.+ ib+2QP.Pb) (15)

where P, and P, are the two sublattice polarizations, g and Q are introduced to
describe the sublattice coupling, and p is the hydrostatic pressure. We neglect the
higher order terms in the two sublattice coupling for the sake of simplicity.

Introducing the notations:

PA = (P. - Pb) and P, - (P + Pb) (16)

In the case when the external field is zero, PA and P, describe the spontaneous
antiferroelectric and ferroelectic polarization in antiferroelectric and ferroelectric
phase respectively. Equation (15) can be rewritten as

G - (1/2)(f + g/2)P, + (1/2)(f - g/2)P2 + (1/8)h(PA + P4)

+ (1/32)r(PA + P6p) + (3/4)hP2,FPA + (15/32)r(PZ2 + PPA)
+ (I/2)qp(PA + PAr+ Q(J' - PA)) (17)

It is clear from this expression that the Q coefficient for the ferro- and
antiferroelectric phase can be expressed as follows:

Qj - (1/2)q(1 + Q) and Q., - (1/2)q(1 - Q) (18)

In the preceeding section, Q, is expressed as Q,. It is experimentally observed
that the antiferroelectric to paraelectric transition temperature moves upwards as
the pressure increases. Corresponding to it, Q.% is expected to be negative.

In the antiferroelectric phase, if there is no external electric field, P. -- Pb.
When a field is turned on, an induced ferroelectric polarization PF will be
non-zero, PP. + P. Hence P. is no longer equal to -P and the magnitude of
the antiferroelectric polarization should be expressed

PA -2 min(IP., IPI) (19)

which is just Equation (16) if P. -Pb.
For the spontaneous antiferroelectric polarization PA, Equation (17) allows us
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to find:

(aGlaA)r -0 - (f -g/2) + (1/2)hPA + (3/16)rPA + q(1 - Q)p (20)

which relates the PA to the change of temperature and pressure. In the general
case, Equation (15) has to be used:

(G/P)T- E - 2fPl. + gPb + 4hP.+ 6rP + 2qp(P + QP) (21a)

and for Pb, we can get Equation (21b) with the same form except that the
subscripts "a" and "b" change the position.

Equation (21a) + Equation (21b) yields:

2E - (2f + g)(P. + P) + 4(P +Pb) + 6r(P . + Pb) + 2qp(P. + P)(I + Q) (22a)

and Equation (21a)-Equation (21b) yields:
o= (2f-g)(P. - b) + 4(P. -P ) +6r(Ps- ) + 2qp(P. - b)(l -Q) (22b)

For a small field measurement, PF will be small. In the following discussion, we
only keep the lowest order terms in PF (Pp - P. + Pb). Therefore, we can have
from Equation (22):

(aE/aP,)T - x - (f + g/2) + (3/2)hPA2 + (15/16)rPAA + q(1 + Q)p (23)

where PA is given by Equation (20). Therefore the slope of the converse curve is:

(alaP)(X)T - q(l + Q) + (3/4)(4h + 5rPi)PA(aPAlP)T (24)

and from Equation (20)
4h+ 5rPz(

Qis QM - 3 Q 4h + 3P (25)

Due to the introduction of the two sublattice polarizations, Equation (25)
seems to be different from Equation (11). However, if the same notation is used.
Equation (25) can be changed to the form of Equation (11). For a continuous
transition

Q-, - Q,% - 3Q., (26)

This is a constant. Since Q, < 0, Q , will be always positive.
In the direct method, both the strain and induced ferroelectric polarization PF

can be measured. Therefore

aS - Q'gP F (27)

AS is a generalized strain. In this discussion, it is volume strain. In the PA * 0
phase, an initial strain So exists as (S - /lap):

So - (12)q(l - Q)PA'o (28)

The strain after a field E is applied is

S - q(P .+ Pb + 2QP.P) (29)

Here, PA also deviates from PAO. AS in Equation (27) is

a s - So (30)
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For the purpose of simplicity, use Equation (22b) without the terms containing
r and p. That is, it is a system with a continuous transition and no external stress.
Equation (22b) gives

(2- g) + 4(P. + P.Pa + P2) - 0 (31)
Using P. + Pb - Ppand substituting Pb - Pr- P. to Equation (31):

(2f-g) + 4A(P +P. - PP.) -0 (32)

The solution for P. is
P - (1/2)(P, * Vn - (21 - g)/h) (33)

which will be reduced to the spontaneous antiferroelectric polarization PAO =
1/2V(3 - 2) /hif P, - O.

Therefore, the two sublattices will have the polarizations:

P. = (1/2)(P, + V T-3P,- (2-S)/h) (34a)

and

Pb - (1/2)(P, - V3P,- (2f- g)/h) (34b)

With a nonzero P., the magnitude of the antiferroelectric polarization is
(V-3Pp - (2f - g)lh - P,). Substituting Equation (34) into Equation (29) and
using Equation (30):

AS -q(20 - l)Pp

Hence,
Q1, -Q,% -30,*

which is the same as Equation (26). If the higher order terms are included, QA
will be the same as Equation (25) Q1'. In the sense that the direct and converse
methods give the same Q coeffcients, the antiferroelectric system can be taken as
a paraelectric phase with an effective Q coeffcient in the measurement.
Experimental results on antiferroelectric lead zirconate titanate stannate ceramics
confirmed this conclusion."

IV. THE FERROELECRIC RELAXOR MATERIALS

The converse method is used widely in relaxor materials to determine the Q
coefficients. It is found that even in the region where the macroscopic polarization
is zero, the converse curve still does not show a straight line. Some emperical
expression are tried to correct the data to give a constant Q. From our discussion
above, we see that X vs p needs not to be a straight line even if Q is a constant. It
has been proposed that, in the relaxor materials, at the temperature region where
the macroso" polarization is zero, there are still micro-regions with non-zero
polarization." Above the temperature where P, - 0, experiment results seem to
be cowicing that P! 0 0 and P,2 persists up to very high temperature.' 3

Therefore, in the microcpic scale, the relaxor material is a mixture of polar
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resios and non-polar regions. In the polar region, Equations (11) and (12)
should be used to describe x vs p result. The complication of the system makes it
difficult to find a correct expression for the converse curve in the region with
P! , 0. However, as the pressure or temperature increases, P2, should decrease.
The anomalous effect discussed above will become small and should make Q'
gradually increase as either the pressure or temrerature increases. This kind of
trend is actually observed in the experiment data which in turn supports the idea
of the micro-polar domains in the relaxor material at temperatures above the
average Curie point. Since the relaxor materials, a large part of the dielectric
constant is from the reorientation of the polar region,' this will also be stress
dependent and may also give an extra effect on the converse curve. The available
data on the relaxor materials seem to indicate that this is the case. Therefore, it
is fair to say that at present there is no firm basis for the interpretation of the
converse method to give a reliable Q coefficient. Of course, the pressure
dependent of the dielectric response will provide interesting information about
the relaxor materials. Further work is needed to relate this to conventional direct
electrostriction.

V. SUMMARY

Using Landau-Devonshire theory, we showed that in the ferroelectric phase, due
to the fact that the dielectric constant depends on the spontaneous polarization
which is pressure dependent, the pressure dependence of the dielectric response
will deviate from the behavior of the pure electrostriction coupling effect. Taking
all these into account, we derived the expression which relates the slope of the
converse curve to the electrostriction coefficients. In the antiferroelectric phase,
both the direct and converse method do not give the pure electrostrictive
coefficient. In the relaxor materials, the existence of micro-polar region will cause
a change of the converse curve from the pure electrostriction coupling effect even
in the high temperature region when the macroscopic polarization is zero.

The authors wish to express their thanks of the financial support from the
Office of Naval Research.
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The longitudinal piezoelectric effect induced by a direct current bias hield was inoestigated in P.MN:PT family of relaxc-
or ferroelectric ceramics in the frequency range from 0. 1 Hz to 50 kl~z. The piezoelectric d., coefficient %las ,tudied by
measuring the strain induced by the applied electric field. Under the 10 kHz driving field, the large piezoelectric irain
coefficient. do,. of 800 pC/N is obtained. The piezoelectric strain coefficient related dielectric and electrostricti~e
parameters were also studied under direct current bias and the do, coefficient was calculated by the equation
do, =2QP,e,,. The results are in good agreement with the directly measured ones. The dispersion of the piezoelectric
effect is mainly due to the dielectric dispersion.

ICEYWONOS: dc bias induced piezoelectric effect PMN:PT ceramics

polarization and consequently the piezoelectric effects. A
§1. ntrducionlarge piezoelectric d3) coefficient in the 0.9 P.MN:0. I PT

Since the late 1960's. Lead Titanate: Lead Zirconate multilayer actuator was demonstrated by Nakajima et
ceramics (PZT) near the tetragonal-rhombohedral mor- al.7i However, the frequency of Elhe measurement was
photropic phase boundary have been the leading quasi-static (0.02 Hz) and the piezoelectric effect for a
materials for piezoelectric applications." The remanent useful frequency range is still unknown. Although the
polarization of these ceramics is very large, of the order piezoelectric resonance technique can be used to measure
of 40,LC/cmz and the piezoelectric strain coefficient is the DC bias field induced transverse piezoelectric dI
high, of the order of 400 pCf/ N for d~.21 coefficient, it is difficult to be used for measuring the

For these ceramic compositions, the tetragonal, and longitudinal piezoelectric coefficient d,3 because the
rhombohedral phases have very similar free energies. The thickness resonance frequencies are high (thin sample in
poling efficiency is greatly improved compared with the order to apply high DC bias) and tend to overlap with the
single phase ceramics because 14 ferroelectric axes are overtones of other modes.
available for the reorientation of the spontaneous In this paper, we report on the large longitudinal
polarization. However, the piezoelectric strain piezoelectric effect induced by the DC bias field in thie
coefficients depend not only on the remanent polariza- lead magnesium niobate: lead titanate family of relaxor
*ion but also on the dielectric permittivity. If the ferroelectric ceramics over a wide frequency range and exc-
piezoelectric effect is regarded as a polarization biased plore the possibility of this family of relaxor ferroelec-
electrostriction,"' then for a ceramic poled in the direc- trics for transducer applications.
tion of the 3 axis, the piezoelectric coefficient d,3 is deter- § x..na rcdr
mined by the following equation: §.Eprmna rcdr

= 2Q~1P~e (I) 2.1 Ceramic samples and preparation
The PMN:PT ceramic compositions selected for this

where Qi(QgI-Qnsjjs for' an isotropic ceramic) is the study are listed below:
average longitudinal electrostrictive coefficient of the pro- (1) Pb(Mg 1 Nbz12)01 (P.MN)
totypic phase, P, the polarization and eii the dielectric (2) 0.9 Pb(Mg,Nb2,1)O,:0.l PbTiO, (0.9 P.MN:0. I
permittivity. Another obvious way to improve the PT)
piezoelectric strain coefficient is to increase the dielectric (3) 0.93 Pb(Mg 11Nb211)Os:O.07 PbTiO, (0.93 PMN:
permittivity. 0.07 PT)

Relaxor ferroelectrics as compared to normal ferroelec- (4) Lato .(0.93 Pb(Mgi,iNb2/,)Os:0.07 PbTiOi)O,.
trics1 are known to have a much larger Curie Weiss con- (Laoo0(0.93 PMN:0.07 PT).,.).
stant C and less temperature dependence of dielectric The ceramic PMN:PT compositions were prepared us-
permittivity near the dielectric maximum. Since the Q2C ing mixed oxides in the manner described by Swartz and
value, the figure of merit of electrostriction, of the relax- Shrout" In this processing, MgO and NbAO are first
or ferroelectrics is larger than that of the normal for- reacted in a pre-calcine to form the columbite structure
roelectrics. the relaxor ferroelectrics, have found wide ap- MgNbzO. which is then reacted with PbO to form
plicauions in transducers and actuaators."1 Though these Pb(M ,,jNbvi)O,:PbTi~i compositions. Among these
ceramics, because of the absence of a remanent polariza- ceramic compositions. 0.93 PMN:0.07 PT and
tion, show no piezoelectric effects; near the temperature La. ,,(O.93 PMN:0.07 PT)., were hot isostatically press-
of the dielectric maximum, a DC bias can induce the ed to optical transparency. For both dielectric and strain
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measurements, the ceramic samples were cut into rec- the measuring frequency of the double beam laser in-
tangular plates, typically 0.6 x 0.4 cm-, with a thickness terferometer can be well above I khz above which 'he
of 0.04 cm. single beam laser interferometer technique encounti

"back motion" problem. ' Since the dielectric ,onitant
2.2 Measurement of piezoelectric coefficient d., by field of the relaxor ferroelectric ceramic is large, the zontribu.

induced strain technique tion of the second mode (electrostriction) to the induced
The piezoelectric strain coefficient d), was measured us- strain is not negligible especially under low bias field. The

ing the converse piezoelectric effect, i.e, the strain in- electronic signal from the photo detector was measured
duced by an electric field, by a Lock-in amplifier set on I f mode to reject the second

In the low frequency range (0. 1- 10 Hz), low frequency mode and the random noises. The two major faces of the
thermal and mechanical noises greatly affected the sample were polished to optical reflectance and then sput-
measurement when the induced displacement was small. tered with gold to reflect light and conduct electricitv.
To increase the signal to noise ratio, large electric fields The sample was mounted on a wood made sample holder
(> 10 kv/cm) were applied to induce large strains in a manner shown in Fig. 3. The block diagram of the
(> 10"). Strain gauge technique was used to measure the
i.Auced strain. The piezoelectric strain coefficient d)) was
derived from the strain vs the applied electric field by two
methods. In the first method (0.1-I Hz). the slope of the
strain vs applied voltage (triangular wave form) was
measured by inputting the strain signal to a differentiator
which differentiated the strain with respect to time. The
signal from the differentiator output is proportional to
the piezoelectric di) coefficient, since a triangular driving E
field (the field is proportional to time within 1/4 period)
was applied. The differential signal and the applied field
were displayed on the y-axis and the x-axis of a x-y Fill. I. Illustration of the digitizng method. For the strain ,% applied

oscilloscope respectively. The picture directly yields the electric held curve, a path (dashed curve) is drawn to iimulaie :he
DC bias field dependence of the piezoelectric d)) equilibrium strain. The dashed curve is digitized for the piezoelectric

coefficient. This method will be referred to as the differen- coefficient calculation.

tiator method. In the second method (0.1-10 Hz) , the
strain (y-axis) vs the applied field (x-axis) was directly
displayed on a x-y oscilloscope. The pictures were digitiz- , , _,_---"

ed by a computer controlled digitizing eye and the d3l
values were calculated by measuring the slopes at
different electric field levels. This method will be referred ,0s .-, w"' -w',
to as the digitizing method. For the compositions such as
0.9 PMN:0.I PT and 0.93 PMN:0.07 PT which display - V "
slim hysteresis loops, it was necessary to simulate the 4 /
equilibrium strain by drawing a curve, in a way similar to
that shown in Fig. I, between the top curve (associated
with the decrease of the electric field) and the bottom
curve (associated with the increase of the electric field). ''* ',

The equilibrium path was digitized and then the slopes
were calculated to yield the dis coefficients.

A small induced strain technique was used to measure
the d13 coefficient at frequencies higher than 100 Hz, since
many experimental difficulties were encounted when a Fig. 2. Block diagram of the double beam laser interterometer
large electric field was applied to the ceramic samples to s.stem. PBS is the polarized beam iplitter. BS is the beam iplitter

induce a large strain. A small induced strain technique is and A/4 is the quarter 'a~e plate.

possible, since at high frequencies, the low frequency
noises can be rejected easily. In this technique, a DC bias
field was applied to the sample to induce the piezoelectric .

effect and a small AC voltage (- 2 volts) was applied to in- A$- Ira .se,ie.,
duce an AC strain. The induced displacement was small,
on the order of a few anpitrons, was measured by the
highly sensitivitive laser interferometer technique. The
basic principles of this technique were published in an
earlier paper.10 t The block diagram of the laser in-
terferometer is shown in Fig. 2. In this set-up, the two ma-
jor faces of the sample are facing the laser beams as Fig. J. Schematic dtaaM of the Sample mounting for the double
shown in Fig. 3, bending effects are avoided. In addition. tam lawer nterferometer measurement.
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circuit for the simultaneous application of AC and DC
field is shown in Fig. 4. §3. Experimental Results

3.1 Low frequency piezoelectr*c behavior
2.3 Measurement of piezoelectric d1, coefficient The differentiator method directly gies the DC bias

through dielectric and electrostrictive parameters field dependence of the d,, coefficient. Figure 6 sho. i the
As suggested in eq. (1). the piezoelectric coefficient d;) original photographs which display the applied %oltage

,:an be calculated by the relation d,,=2Q11Pe),,. and on the horizontal axis and the time derivative of the
hence the measurement of the dielectric and electrostric- strain signal on the vertical axis. When the applied
tive parameters can also yield the piezoelectric d33 voltage changes the swing direction, the time derivatie
coefficient. of the strain changes sign. The two curves correspond to

Polarization as a function of bias field was measured the increase and decrease or the applied oltage. Figure "
using a modified Sawyer and Tower circuit. The Sawyer shows d;, vs the DC bias field in the frequency range
and Tower technique requires an AC driving field, so a (0.1-10 Hz) measured by the digitizing method. Clearly.
quasi-static driving field (0.04 Hz) was applied to 0.93 PMN:0.07 PT and 0.9 PMN:0. I PT ceramics show
simulate the DC bias field. To decrease the low frequency very large piezoelectric maxima, the peak d,, coefficient
impedance of the standard capacitance in series with the for 0.93 PMN:0.07 PT is 1260 pCiN at 0.1 Hz. For
sample, a large capacitance (10 F) was used. Laoo,(0.93 PMN:0.07 PT)0o and PMN. the piezoelectric

The dielectric constant as a function of DC bias field maxima shift toward the high field region. Another
was measured by the system shown in Fig. 5. Two large feature of the piezoelectric behavior is the dispersive
blocking capacitances were used to protect the nature. It is clear that the magnitude of d,, coefficient
capacitance bridge. A 20 MO resistor was put in series decreases with the increasing driving frequency. The field
with the DC power supply so as not to bypass the AC cur- of the piezoelectric maximum increases with the increas-
rent from the capacitance bridge. ing driving frequency, an effect similar to the dielectric

The electrostrictive coefficients for PMN ceramics were relaxation of the relaxor ferroelectrics in which the dielec-
measured using the strain gauge technique. The field in- tric maximum temperature increases with the applied AC
duced strain and polarization were displayed on y and x field frequency. The shift of the piezoelectric maximum
axes of a x-y oscilloscope respectively. The pictures were with the driving frequency may be clearly seen for 0.93
then digitized by a computer controlled digitizing eye.
The Q coefficients were calculated from the slopes of in-
duced strain vs the square of polarization.

luF

4. 3kVicm/div. 4. 2;kV/v./d1iv.I E

Fig, 4. Circuit for the simultaneous applications of DC and AC field.
W G stands for the waveform generator.

2UF

C p. Somple

--q * / cl !d i4l O * m v .+ 3. 72kiV/cm/div.

1 1 Fig. 6. The original photographs for the ditferentiator method
measurement. The vertical axis displays the dertati.e of strain and

the horizontal axis displays the applied voltage. (a) PMlN at 0.1 Hi,
Fig. S. Block diagram for capacitance mesurement under DC bias (b) O.93 PMN:0.07 PT at 0. 1 Hzand (c) Li ,(0 91 PI1N 0.U7 PT,.

held. at 0.5 Hi.
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PMNO. I PT (c) 0.93 P.MN:0.07 PT and (d) LaO0 ,(0.93 PMN:0.07 PT)os.

PMN:0.07 PT and 0.9 PMN:0. I PT ceramic composi- imized at the fields of the piezoelectric maximum and
lions which have significant dielectric dispersion at room markedly reduced well above the field of the piezoelect ic
temperature. maximum.

3.2 High frequency (100 Hz-SO kHz) piezoelectric 3.3 Electrostrictive coefficients and DC bias
behavior dependence of polarization and dielectric constvt

From 100 Hz to 50 kHz. the piezoelectric dil coefficient To evaluate the di, coefficient as a function of DC bias.
is measured by the double beam laur interferometer. The the dielectric constant K), polarization P and elec-
piezoelectric strain coefficient ds) vs the applied DC bias trostrictive coefficient QI have to be evaluated as a func-
field under different AC field frequencies is shown in Fig. tion of DC bias. Since the electrostrictive coefficient Q;,
8. Clearly, the variation of the d,, coefficient with the ap- is independent of polarization and was found to be true
plied DC bias field is similm to that of the low frequency in ferroelectnc relaxors up to a high polarization level."
measurement. Since the DC bias field was not continuous- the Q,, coefficient is assumed to be field and polarization
ly varied, the shift of the piezoelectric maximum with the independent.
measuring frequency is not as obvious as that for the low The polarization vs the applied field with a quasi-static
frequency measurements. Another feature of the curves driving field (0.04 Hz) is shown in Fig. 9. Since slim
is the variation of the dispersion of the dn coefficient hysteresis loops were observed for 0.93 PMN:0.07 PT
with the applied DC bias field. The initial dispersiou and 0.9 PMN:0. I PT ceramics, the average polarization
depends on the compositions. PMN and La.o.(0.93 values of the top curve and the bottom curve were taken
PMN:0.07 PT)c" have little dispersion while 0.9 to simulate the equilibrium polarization induced by a
PMN:0. I PT and 0.93 PMN:0.07 PT have significant true DC bias field.
dispersion under low bias field. The dispersion is max. Dielectric constant vs applied DC bias for four ceramic
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compositions is shown in Fig. 10. Clearly, the magnitude §.Dicson
and dispersion of the dielectric constant decrease with in- 4.Dsuslm
creasing DC bias field. For PM1N, no appreciable disper- 4.1 DC bias field dependence of the piezoelectric di,
sion is observed, coefficient

The electrostrictive coefficients Q1 i and Qiz were The variations of the I kHz piezoelectric d)) coefficient
measured as a function of temperature under an AC field with the applied DC bias field from both the directly
frequency of 0. 1 Hz using the strain gauge technique. It measured result and that calculated from the dielectric
is observed that the Q coefficients stay constant with and electrostnictive parameters are compared in Fig. 13
respect to temperature. The average Q11 coefficient for for PMN and 0.9 P.MN:O. I PT ceramics. Agreement is
PMN is 1.9 x 10-- mA/C2 as shown in Fig. 11. The Q, reasonably good, although there are differences in
coefficient for the 0.9 PMN:0. I PT ceramic was publish, magnitude especially under the high bias field level. The
ed in an earlier paper."' The room temperature Qu i value agreement suggests that the DC bias field dependence of
is 2.1 x 10-1 m4/C5. the di) coefficient is determined by the DC bias field

The d, coefficients for PMN and 0.9 PMN:0. I PT dependence of polarization and dielectric constant, while
ceramics were calculated according to eq. (1) using the the electrostrictive Q, I coefficient could be assumed to be
above dielectric and electrostrictive parameters. The a field independent parameter within the applied field
variation of the d)) coefficient with DC bias field under level of the experiment. Hence, in the relaxor ferroelec-
different AC field frequencies is shown in Fig. 12. It may trics, the piezoelectric effect is basically a polarization
be seen that the DC bias field derpendence and frequency biased electrostriction.
dispersion of the di, coefficient are quite similar to those
directly measured. 4.2 Dispersion of the piezoelectric coeffcient
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PMN:0.07 PT)n, .

Under low bias level, the piezoelectric dispersion is coefficient (directly measured) vs the measuring AC fr(
mainly dominated by the dielectric dispersion. It may be quency for different compositions. It is obvious halt
seen from Figs. 8 and 10 that the dispersion of the d, above 20 kHz, most of the points are not expected. Foi
coefficien under very low bias field level is very similar to the sizes of the samples we used. 20 kHz is well below the
that of the dielectric permittivity dispersion. At the field piezoelectric resonance frequency. The reason for these
of the piezoelectric maximum, the dispersion in piezoelec- unexpected points is not very clear. It may be caused by
tric response is maximized. The same is true for the data some purely mechanical resonance modes which may be
calculated from the dielectric and electrostrictive related to the acoustic properties of the epoxy and the
parameters. This is because the piezoelectric dispersion sample holder. The real reason is still under investiga-
caused by the dielectric dispersion at the field of the tion. However, below this frequency, the results reveal
piezoelectric maximum is enhanced by the increased the dispersive nature of the piezoelectric behavior.
polarization level at the field of the piezoelectric max- For the two ceramic compositions 0.93 PMN:0.07 PT
imum. For the fields much greater than the piezoelectric and 0.9 PMN:O. I PT. it can be seen that the piezoelectric
maximum fields, the dispersion of di, coefficient is greatly dispersion is significant because the temperatures of the
reduced as shown in Figs. 8(b), (c) and (d). The cor- dielectric maxima are above room temperature, signifi-
respondence in the dielectric dispersion may be found in cant dielectric dispersion exists. On the other hand. for
the same field region as shown in Figs. 10(b), (c) and (d). PMN ceramic, the dispersive nature is greatly reduced.
Under high DC bias level, the induced polarization is since the temperature of the dielectric maximum is well
saturated, and the reduction in dielectric dispersion will below room temperature. However, the advantages of
result in the reduction of piezoelectric dispersion. the reduced dispersion are penalized by the severely reduc-

Figure 14 shows the maximum piezoelectric d, ed magnitude of the piezoelectric coefficient.
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"fre- [t has to be pointed out that for 0.93 PMN:0.0 PT at the same electric field level; a small AC field oscillating

that and 0.9 PMN:. I PT ceramics, steps appear between the on the top of a true DC bias field may exclude more con-
For data obtained by the low frequency measurement and tributions from the polarization processes with larger

w the that obtained by the high frequency measurement. The energy barriers than a large swing AC field. This may be
these reason for this phenomenon is not very clear. It may be the reason why a step decrease from 10 Hz to 100 Hz
!d by due to the experimental error or to the manners in which occurs for 0.93 PMN:0.07 PT and 0.9 PMN:0. I PT
iy be the AC field were applied. In the low frequency measure- ceramic compositions. For PMN and Lao ,(0.93
i the ment. the DC bias field was simulated by a quasi-static PMN:0.07 PT)oo ceramic compositions, room tempera-
,tiga- driving AC field (0. 1-10 Hz) and the AC field is essential- ture is on the right side of the dielectric maximum, intrin-
.veal ly the same field. On the other hand. in the high fre- sic polarizability become more important for the polariza-

quency measurement, the DC bias field is a true static tion processes. The distribution of the "energy barriers"
17 PT field, while the AC field is a small amplitude ( - 2 volts) narrows down considerably: therefore, the step decrease
:ctric with the frequency above 100 Hz. In the relaxor ferroelec- from 10 Hz to 100 Hz is not obvious. An extreme case of

the trics, the energy barriers for the polarization process this phenomenon may also be found in normal ferroelec-
gnifi- distribute over a range. When the amplitude of the ap- trics. The large magnitude of the P-E slope at the coer-
i, for plied AC field is fixed, frequency dispersion takes place cive field of the dielectric hysteresis loop can not be ob-
uced, because different times are required for the polarization tained when the ferroelectric is biased at the coercive field
, well processes with different energy barriers. When the fre- and the dielectric permittivity is measured by a small ex-
es of quency of the driving field is Axed, the amplitude of the citation AC electric field.
-duc- driving field may also produce different dielectric and

piezoelectric responses. Consider the dielectric response 4.3 Potential piezoelectric applications
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Th samples (appmz 95% of theoretical dnsity) wa cu and polished
with 3 micn alumina and gold electodes were sputtered on two opposite
surfaces. Meiurnims o acolple e dielectric, ad elstic constans
of PmN:PT as a ftnsim of bis obt ained fr electic fields as high as 15
kV/cm. Beyond these fields the samples may have breakdown and thus the

Mesur mi smwas designed with blockting circuits in order to protect the

The placement of the sample in the circuit was deermined to minimize
pansinc elements that would combine with the sample to give additional
impedance. However, a conuecan factor was applied in the software in order to
WO into account the pusidc eeumnts tha as a consequence of the blocking
circuiu employed.

The HP comput' wa intafaced with the Impedance Analyzer and using
solkwaaw5 th ipedaW othe sample nea resonance was detaimined as a fucion
of bequency fora applied d.c. field.

(b) Caklaula of the C Pku d31, slilg K3, amd 1 fo Bear RuouetW

Fora g iven baresonaor with its length (1) >> t (thickness), 1 > 3w
(width), aad for a d.c. field appled perpen dicar to its length direction, the
admima. Y, of theb a c deabad b3.

2wd31

(1)

wheres11, d31, bad e am aswmc s be the SomleX umet (ie., s115 =
-su 12% d3l = d3l -jd3 a cd3" . T. j&3i").

The calculaton for the rel And Imginay pimelectic. elastic dielecim
aid coupling cufficm of a ba motIor a based on the method described by
SmiM. The PUOd i vw rthum inmam m o tlhe admieam and an initial
guem of theelas M . Th lvale m We * in an iteruve method for
the complex n at h me A qum o tme GI MM .

The mm"a couplt facu. k31, is detmmnd by using a epzpsion:7

LL
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(C) Calcalata ot te Red Part of sl, d31, sad PoiMls Ratio tr a
TM Disk

Thecatculstia frral- compfnOsto.31,t, andPoisso' roq. of
a thin disk is based on a prcedue developed by S.V. BogdAnov and AM.
imouinU and involves I Ium -nu, of the sem (fl) and parallel (fp)f- eny

of the fundamental resonance am the eie freq1uncy of the &= ti forthe
radial mode of the disk. The sei fruMncy is taken at muimum conductance
and the parallel f -qumn at MIm Uhm resIsaC for especve eoances. The
equada da deuwmfs G1 is:

31 ' '(3)

where Af a fV- fs and KI is the flM foot Of die ~smdentat equation which
defines the condition for the occurance of mechanical resomace for radial
vibrations o the t ec disk Further details of the calculations as
described by 9

RESULTS

The resulU ofthe rel Cmposm of d3) calculated fo bar ad disk
rsonmo is shown in Fix. 2. The muimm d3j1 for the bar and disk both

120 3

eu' i '

o * I i i a I a I

of 0.93 .0.0PF cuaun with 1, La.L~~ ~~0 1____1____A-___
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rmw dasroo mU Is boe110 IIPCINWAndSpCINaMaoccumata
bins &Midof 11- 12 kVk=u The maxm=n ofti dik slioly hishw" thde
bar shaped sampbl e two '-tnm sampl gu.= for amm 4r~r31 ve

-3 ma coefiim and whon the cuves wons ezapolzed to zuga nod.
v al peha sepcd Tesml with no bias field is in the3 - a- O PPUet t )

TheWlbwy puof diwas dfrmied onlyfor abar sample andis
shown in Fi.2(with a dashed line). Far varions bias cleeft fields d~jf has a

mwmm vl= -3 pClN a a ele ild - IV/c. It ssinurdng to noc that
the iinnuy d33 =au aoccu-s s lower Goeld levels as compared io ta o( the
real pat of the d31 value This behavior is similar in num to the way the
main dispadms famu owmu bef tho dielecuic inmmum in the dielecwic
Cans WI m u.qme m o a typical relazor PM~)

The Nda and imomy dielcuc COMM& X33 (K3 =93T/%., where go is
the permuinwiy of free spus) frthe bar samp-rlesO as a tuc fd. bias is
shown in Fig. 3. Whom -xAoad to amr field values. the dielecif consta
value is 12,80 otbMdmo the rpt of the dielecui pemimvuy of the

bar ampes as adewith an independent minaueiag The dieleci
pe'mgdvw~ ~asu~das 00 ~a.near the samples resonabe, was 12,300 (in a

-2 -gc)whc oe well with the exuapoae vaueo
K33'.

13500 600

00 30

Eloetrio SOn FMel (kVm)

FIgure 3 Plot ofn reel ad imagimy (K33') Put Of dieeWSi commas as a
(uncdai of dxc. bins s the samles resoance Indsmmdmt weak field

m...n~t for K33' as 12JW near die samsplee resnanc
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Th~a~nuput of the dleluwlc commo vam field for a bw is show.
(with a dh~sW~ i I113 ow~mdofthbim5IAU7 &lc msomis to
decras as ON would ezpm0 f a ului feuueecoc.2

jmmpiwd (- 2%) bItea value for the disk and bar sa*eMs rbby due to
the inaccuray in deillgthe dlmmsionm and deiai o7 thes samles. The
imaInary paut of St 1 is alsi shwn in S&g.4 with a dashed lin ad it varies
slightly with field (- 3%) an co aIso to the submdal changia mured in the
iimagnr put ofcmpe d~j And KC3.

&00

06.2 b
,i 6od
709.

0 1
Coch ias F~d MA

Ft= .i Ploo e.sl)m 1gny(si)pno lsccnpim
vessdLUa

In I& . w ad casic bm njm (V6.66 7d!

venus dr c bias.*

of i~olcl caeias - liey due to the - type atf effets -thU-

MIS who coofti as calculated ftc. the d3t, si, and
e33TdM n & w i in 6.Th fmm k31 reache 15% At field

levels of 15 kVc.. Mlw whesmplu to -es field k31 appMches -m as
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Poisson's raw calculatd for a disk resonator sample is shown in Fig. 7.
The values am compmble to tcse found in pun PMN. 10

.31

0

0 5 10 Is
Electri 8ia FW (ky/cm)

Figum 7. Posson's rtio (12) a calculatd fr the resonance meamems

CONCLUSIONS

Therm ad and imalnuyvaluesofdn. sit, an K33 Along with k3l ard CT12
an demmind for the composaon (l-x) PMN.(x)PT (x - 0.07) with 1% La. The
maximusm red pmt ofd3 for dis m ridal is- 114 pC/N wih a d.c. bias field of 12
kV/cm. While the sim of the piezoelectrc and dielectric phase angle are
comparle, dh elac phel angle is an oder of ,magnitude smalle andm
essendally conmsa with a d.. bias. Also, the measured value of Poisson's no is
comparable to dwt found in pm PMN.

Ths o Vari composdons in the PMN:FT syste andanfr - - a , , u wamp feld and the FprocIa ns
of the samople is in propsu and will be reponsd in die fasthcoa
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EFFECTS OF THERMAL TREATMENT AND DC BIAS
ON DIELECTRIC AGING IN THE PLZT 9.5:65:35

RELAXOR FERROELECTRIC CERAMIC

W. Y. GU, W. Y. PAN and L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University. University

Park, PA 16802 USA

(Received JuY 12, 1988)

The dielectric aging effects after thermal treatments and under DC bias were studied and delineated
for Lead Lanthanum Zirconate Titanate (PLZT 9.5:65:35) relaxor ceramic. Under room temperature
aging, dielectric constant and loss tangent as a function of aging time obey a power law (K = Kot - ")
and the power index (n) follows the logarithmic law with measured frequency. The aging rate was
enhanced by the quenching prior to the aging process. The DC bias reduced the aging rate especially
under high measured frequencies. During aging. the Cole-Cole plot shrinks with aging time in such a
way that the average relaxation time constant decreases and the distribution of relaxation time constant
become narrow with aging time. All the effects are correlated and modeled with the characteristics of
relaxor ferroelectncs. The aging process looks like that the polar microregions have a preferred ori-
entation corresponding to the deepest minimum in energy and its contribution to the total permittivity
will decrease.

1. INTRODUCTION

Dielectric aging is a well-known phenomenon observed in ferroelectric and anti-
ferroelectric crystal and ceramics. It is generally accepted that aging is caused by
the stabilization of the domain contribution due to the interaction between defects
and spontaneous polarizations.' - 3 It has been observed that in BaTiO,' and other'
ferroelectrics that permittivity and dielectric loss reduction follow a logarithmic
aging law under a constant temperature for many years. It was also shown' that
both real and imaginary parts of the dielectric constant strongly deviate from the
logarithmic aging law and tend to level out with time. In normal ferroelectric it
was shown that K' and K" plots for isothermal aging are straight lines." while in
relaxor ferroelectric the plots are curved. Clearly, normal ferroelectrics and relaxor
ferroelectrics have different aging behavior. The difference is obviously caused by
different composition and phase homogeneities. The role compositional hetero-
geneity on the relaxor behavior was confirmed by Setter et al. this heterogeneity
must modify the dielectric aging as Well.

For the investigated relaxor PLZT ceramic of the composition 9.5:65:35 there
exists a volume fraction of ferroelectric polar region embedded within a non-polar
matrix at room temperature." Cross et al.6-10 have suggested that the height of the
energy barrier (0) between equivalent dipole directions is proportional to the
volume of the polar region. These barriers become comparable to the thermal
activation energy (kT - 0) and the polar vectors reorient thermally with a relax-
ation character, if the volume of the polar microregion is small enough. For com-
positionally heterogeneous crystals due to the compositional fluctuations the local
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symmetry at a given polar region may not be the same as (lower than) the global
crystal symmetry. Thus. the preferred vector directions for polarization may not
be exactly energetically equivalent, and they may not necessarily conform exactly
at the direction prescribed by the prototypic form. According to this model.". "the
polar microregions will have a preferred orientation corresponding to the deepest
minimum in energy and its contribution to the total permittivity will decrease as
the local anisotropy increases.

In this paper. we present a systematic measured data on dielectric aging in
relaxor ferroelectric using PLZT 9.5:65:35 as a representative material and correlate
the observed properties with the fundamental characteristics of relaxor ferroelec-
trics.

2. EXPERIMENT PROCEDURES

The permittivity and loss tangent were measured with a multi frequency LRC meter
(HP4274A). The field level used in this measurement was 23 V/cm. The measure-
ment was performed without DC bias for annealed samples. For the quenched
samples the measurement was performed with and without DC bias. For the meas-
urement under DC bias. a DC field of 2.34 kV/cm was applied to the sample during
aging. The measurement was carried out at the frequency range from 100 Hz to
100 KHz. A micro computer (HP9816) was used for system control and data
acquisition and also for calculating and fitting these measured results.

The Lanthanum modified Lead Zirconate-Titanate ceramic Pb, _,La,(ZrTi _, _,
03. abbreviated PLZT X:Y:Z (X = 100x, Y = 100y and Z = 100 - Y). of
composition 9.5:65:35 is used in this study. The hot pressed and transparent samples
were cut from a large block, and then polished with one micron diameter paste.
The samples were then annealed 800C for one hour. Gold were then sputtered
on both sides as electrode. For quenching treatment, after heating to high tem-
perature in a PbO atmosphere for one hour. the sample was then quenched in air.
One or two minutes were required for cooling down from the elevated temperature
(4000C) to room temperature. The aging process was carried out at room temper-
ature (-23°C). The thermal deaging and depoling at more than 2000C one hour
was performed before annealing.

3. EXPERIMENTAL RESULTS

Because of the sample was aged in furnace during the annealing prior to the
measurement, we add 12 minutes room temperature aging time to take the aging
during the annealing into account. If we plot the permittivity. loss tangent and loss
factor (the imaginary part of dielectric constant) versus the aging time by double
logarithmic scale, it was found that these measured points are almost linear (Figure
1). This indicates that the aging effect for this PLZT ceramic follows the power
law. The Cole-Cole plot for different aging times are presented in Figure 2. As
shown in the figure. the Cole-Cole plot shrinks with aging time.

For the sample quenched from 100C. the aging process is shown in Figure 3.
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FIGURE I The permittivity' and loss as a function of aging time by double logarithms scale and taken
1: minutes aging in furnace.
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FIGURE 2 The Cole-Cole plot bs the measured points and the mathematical fitting on different

aging time for annealed sample. From I to 8. the aging time respectivclyv are: 1.2. 11l. 42. 1Wt. 193.
• m0. 18 and 369i miunes.
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FIGURE 3 The perminvity. loss and loss factor dependent aging tame for IOO'C quenched sample.

The measured points are almost linear with a double logarithmic scale, indicating
the aging process also follow power law. The quenching temperature is higher than
the transition temperature (the peak of permittivity). therefore the quenching time
is the start time for aging. The Cole-Cole plot for this quenched sample at 100C
(eleven different aging times) are shown in Figure 4.

Figure S shows the typical pertuittivity curves for the temperature dependence
of a 4000C quenched sample at different aging time. Permittivity and loss are plotted
as a function of the aging time for the ,400C quenched sample as shown in Figure
6. The measured points are almost linear with a double logarithm scale, indicating
that aging also follows the power law. The Cole-Cole plot in a broad sense under
different applied frequencies for 400'C quenched sample are presented in Figure
7. The shape of curves during aging looks similar to that in MnO doped PMNPT.?
Figure 8 shows the Cole-Cole plot for different aging time in the quenched sample.

CL~ m ~ m rmt mm - m mmmI mml
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am 4311 5 6300

PERMITTIVITY K'

FIGURE 4 The measured and fitted Cole-Cole plot on different aging time for ItX)C quenched
sample The aig time respectively are: 1.2. 3. 10. 27. 98. 290. 1100. 2980. 9270. 29890 and 63360
minutes (from I to 11).

The aging process for the sample quenched from I00*C with DC bias is presented
in Figure 9. Permittivity and dielectric loss also follow power law with aging time.
Figure 10 presents the Cole-Cole plot, and this plot shrinks during aging.

Figure 11 presents the permittivity and dielectric loss measured under DC bias
versus aging time for 400*C quenched sample. For the aging process with DC bias.

1. Me Agig

4. hAig 100b.

-50 0 5o 100

TEMPERA TURE (60
FIGURE 5 Typical curves of the temperature dependence of the permittiity for different aging time
1400'C quenched sample).
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FIGURE 6 The permittivity. loss and loss factor as a function of aging time for quenched (400C)
sample.

permittivity and dielectric also follows the power law. The Cole-Cole plot shrinks
with aging time (Figure 12).

4. DISCUSSION AND SUMMARY

The comparison of the coefficients obtained from the logarithmic law and power
law for quenched and annealed samples during aging at room temperature are
presented in Tables I and 11. The n values of the loss factor for logarithmic law
were obtained in two ways. the first coefficient was fitted from the measured data.
and the second one was calculated from the logarithmic coefficients of permittivity
and loss tangent. In the same way. the two power index for the loss factor were
also compared. Clearly, the examined rela.xor PLZT ceramics followed the power
law closer than the logarithmic law in the aging process, for the perminivity (K'),
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FIGLURE 7 The Cole -Cole plot in a broad sense during aging by the ten different frequcncv for 4W1C
quenched sample.

dielectric loss (tanb) and the loss factor (K"). The power aging law also fit the
aging process for samples quenched at different temperatures with and without
DC bias by the following equations:

K' = K, t - -: tanb = D0 -110; K' = K0DotIns"'A I

It was well accepted that a logarithmic law holds for a normal ferroelectric.
However. a relaxor ferroelectric made up of the ferroelectric phase within the non
polar matrix.'-' The power aging law may be the result of mixture of different
phases and compositions. each of these phase and compositions may follow the
logarithmic law.

The dipole flipping frequency f is given by':

ff exp( -0/kT) or log f =A -B(P/kT

1200

0 l0

203704900 5100 7300

PERMITTIVITY K*

FIGURE 8 The measured and fitted Cole-Cole plot for 400C quenched sample. From I to 9. the
aging tme respecti'velyi are: 1.2. 3. t0. 27. 97. 285. 1068. 3126 and 72.86 minutes.
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FIGURE 9 The permittivitv. loss and loss factor dependent aging time with DC bias for IOWIC
quenched sample

it was observed by Yao el al. 12 that under high enough temperature. a strong
dielectric dispersion occurs even under an applied electric field bias. which means
that these region are too actively flipping to be stabilized by DC bias. It may also
be expected that these regions are also difficult to be stabilized by defect dipoles.
Checking the power index with measured frequency. one finds that the power index
follows the logarithmic law with the applied frequency (Figure 13). At low measured
frequency. more large relaxation time constant components contribution to the
dielectric constant. Under high frequency. these large relaxation time constant
components make much less contribution to the dielectric constant due to the delay

2500 3600 4700 5600 690

PERMITTIVITY K'

FIGURE 10 The measured and fitted Cole-Cole plot measured and fitted with DC bias for IUOC
Lluenched sample. Frcm I to 7. the aging time respectively are: 1.2. 3. 10. 29. 87. 268 and 830 minutes.
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TABLE I
The Companwon Aging Process Using Loganthm La%

frequency 11. n, ni "n:
(Hz) n, (*.001) (measured) (calculated) error

100 487 249 7.3142 11.27-12 3,56383 68 39r
200 463.552 8.4284 11.9717 3.90699 67 36",
400 435.896 9.7537 11.2175 4.25161 62.1O'

I K 395.981 11.397 9.67800 4.5130[) 53.37'>
2 K 361.326 12.320 7.52749 4.45161 40.86"t
4 K 324.959 12.929 4.99051 4.20124 15.82'e

10 K 275.602 13.342 1.64416 3.67723 55.29"r
20 K 238.984 13.262 -. 816885 3.16932 125.8r ,

40 K 204402 13.001 -2.90344 2.65745 191.5"(
100 K 162.326 12.492 -5.16517 2.02777 139.3Cr

K() = Ko-nIogt tan6(I) - D,.-n:logt
KI() - K~tan6 - K,.D,.-(Kni, + D,.n,)Iog + n,n:(logt):
or K"(t) = K-nlogi + n,(Iogt)"

The fitted results are shown in the Figures 2, 4, 8. 10 and 12. The fitting parameters
are given in Table III. The fitted results are like the proposition of the system

containing a distribution of relaxation time constant. even though the PMNPT

ferroelectric ceramics cannot be fitted as an arc of circle in this frequency range

at room temperature. The fitting parameters show that the angle of tilt of the arc

from the real axis a and the average time constant r decrease during aging. The

Cole-Cole plot become smaller in the process of aging. The change of permittivity
is larger than that of loss factor especially at low frequency range. the centre of
the circular in this plot was lifted toward the teal axis.

The physical meaning of parameter a is the distribution of relaxation time con-

stant. Since a decreases with aging time. this distribution become small as aging
continues. This process will narrow down the distribution of the relaxation time

constant. As these large relaxation time constant components age out, the dielectric
response of the assemblage will be taken over by small relaxation time constant

TABLE 11
The Companson Acing Process Using Power Low

frequency nk, n, + n.
(Hz) PIK I (measured) (calculated) Error

100 .0384721 .239094 .277.%6 .276243 4767r'
200 .0368394 .215192 .255032 .254119 .33()Nr ,

400 .0351604 .198975 . 4136 232454 "?Izr,
I K .0324016 177284 .209686 .209411 13111"?
2 K 0300289 158778 .188"6 I18345 2445'"
4 K 0275002 .138957 .166457 .16540 .3147r,

10 K 02400.4 .116786 .140797 14MKI95 4936bf
20 K 0213408 .10098 .122248 121510 .042',
40 K .0187808 .086563 .105.43 10458 ( '724g',

101) K .0155615 .070938 086499 (J85694 942"",

The calculation tv' the formulas-
K * K,,. -, tanb D. t ,
K" - Kt"k - K,,D ,' -o
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FIGURE 13 The relaxation between power index and measured frcquenc, I. 3.4(gi C quenched
sample; 2. 4- 100 0C quenched sample. 3. 4 Aging with DC bias (2.34 kV.cm).

components. The average time constant decreases with aging time. We attribute
such effect of aging on the dielectric relaxation to the freeze-in of orientations of
dipoles, especially those with large time constants and large volume, and thus no
longer contribute to the dielectric relaxation.

Internal stress and strain energy are enhanced by the quenching in comparison
with the annealed sample. The higher the temperature of quenching. the larger
the created stresses. The internal Ntresses break the non-polar laver between the
ferroelectric phase.' to augment the ferroelectric properties of the sample. The
permittivity is higher for the quenched sample. For quenched and unaged sample.
the permittivity with DC bias is higher than the result without DC bias (Figure
14). because the electric field with internal stresses may break some weaker non-
polar layers to increase the ferroelectric properties of this sample.' The aging rate
was increased by the liberation of internal stresses during aging, and by larger
volume distributions of polar microregions. The increased aging rate was shown
by the increased power index n0 and nK (Figure 13).

With DC bias applied, polar vector flipping is already suppressed as demonstrated
by Yao er al. 12 There are less flipping regions available for aging. and the aging
rate is therefore reduced especially under high measured frequency. With DC bias.
the ferroelectric phase was poled by the applied field. But the macropolarization
is not the orientation preferred in polar microregion. and the macropolarization
does not correspond to the deepest minimum in energy. Therefore the aging effect
is smaller with DC bias in the measured frequency range.

When the applied DC bias voltage is removed, the thermal activation energy
may move certain dipoles to depoling. and the weak measuring field may modulate
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TABLE III
The Parameters of the Cole-Cole Plot

time
Treatment (min.) K, K. ('10' sec.) a 1
Annealing 1.2 6050 2500 4.66 .700 0.02

without 11 5890 2500 4.7 .688 0.08
bias 42 5710 2500 4.9 .678 0.13

100 5560 2500 5.0 .658 0.18
193 5460 2500 5.2 .645 0.21
460 5275 2500 5.2 .640 0.26

1580 5050 2 5.0 .620 0.30
3698 4870 2500 5.0 .600 0.35

Quenching 1.2 6325 2500 8.2 .722 00
(100*C) 3 6130 2500 8.5 .713 0.08
without 10 5880 2500 8.2 .695 0.13
bias 27 5650 2500 7.8 .680 0.17

98 5390 2500 7.0 .665 0 20
290 5170 2500 5.5 .648 0.231

1100 4980 2500 4.2 .648 0.25
2980 4760 2500 3.0 .620 0.28
9270 4530 2500 2.8 .600 0.30

29890 4330 2500 2.7 .570 0.34
63360 4220 2500 2.5 .578 0.38

Quenching 1.2 7180 2500 15 .740 0.0
(400"C) 3 6740 2500 12 720 0.08
without 10 6360 2500 10 .700 0.13
bias 27 6050 2500 8.0 .680 0.18

97 5700 250 6.0 .660' 0.21
285 5420 2500 4.5 .640 0.24

1068 5130 2500 3.5 .622 0.27
3126 4890 2500 2.8 .615 0.30
7286 4655 2500 2.3 .610 0.33

The Cole-Cole plot are fitted by the combination of both Cole-
Cole and Cole-Davidson expressions:

K(w) K. + K,-K.
11 * ,4-.' °

iou

I0

450 51M) 60 650

PEWITTIVITY K'
FIGURE 14 The DC bias efiect for quenched and unaged samples. In the figure 1.3: 44ffC quenched
sample. 2.4: 100'C quenched sample and 3.4 measurement with DC bias (2.34 kVcm).
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the polar vectors to follow the electric field variation. So the permittivity has one
sudden rise. For same reason. when a DC bias voltage is applied to an aged sample,
the permittivity is increased suddenly because the polar vectors stabilized under
random directions are pulled closer the field directions under these directions the
polar vectors are in deaging states.

By extrapolating Cole-Cole plot and the examining elation between the power
index and frequency, one observes that there is no aging effect at room temperature
at the applied frequency higher than the 108 Hz. Under this higher measured
frequency the large ferroelectric polar regions are delay and dielectric dispersion.
therefore no longer contribution to permittivity. Only paraelectric phase, no polar
matrix and some enough small microdomains which very difficult to stop will
contribute to dielectric constant.

Aging of the dielectric properties in the relaxor PLZT ceramic is frequency
dependent. In the frequency range of 100 Hz to 100 kHz. the decrease of these
dielectric properties follows the power aging law and the power index with in-
creasing frequency follows the logarithm law. Quenching could increase the fer-
roelectric properties and aging rate. The power index is reduced with DC bias
during aging. During aging. the Cole-Cole plot shrinks with aging time in such a
way that the average relaxation time constant decreases and the distribution of
relaxation time constant become narrow with aging time. In this study. the dielectric
aging could be considered the result of the orientation and the oriented polar
microregion is stable and corresponds to the deepest minimum in energy. These
oriented microregions will not contribute to the dielectric relaxation.
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I. INTRODUCTION

The complex perovskite Pb(Mgll3NbZ,3)O3 [PMN] is just one of many relaxor fer-
roelectrics having the general formula Pb(B1 B2)0 3. PMN, and solid solutions thereof
with PbTiO 3 [PT] and Pb(Znl,3Nb2l3)O3 [PZNJ, as well as other relaxor composi-
tions, are excellent materials for use in a wide range of applications including
electrostrictive actuators.' multilayer capacitors,2 and pyroelectric bolometers. 3 For
any of these applications it is imperative that dielectric aging be minimal. Past
studies4-' 3 on aging in relaxor ferroelectrics (primarily PLZT and PMN) have shown
the aging rate depends on many variables including processing parameters, micro-
structure, dopant content, point defects, etc. Though great strides have been made
with respect to modelling dielectric properties of relaxors, the lack of detailed
information concerning defect structure, conduction, and ordering still hinders
theoretical interpretation of aging results.

Significant differences between the aging characteristics of relaxor ferroelectrics
(typified in Figures 1 and 2) and those of BaTiO3-based dielectrics include:

(1) At Tagsng, the dispersive character of e' and e" is strongly damped; lower fre-
quency components age much more rapidly than high frequency components.

(2) Aging occurs at T > T,.
(3) Cooling to T < T.a, "recovers" E' and e" to unaged values.
(4) At T slightly > T,,,, the dispersion remains strongly damped.
(5) Aging is not log linear; over short time periods the aging rate (A.R.) is much

higher.

Relaxor compositions can be prepared which exhibit low aging rates not achiev-
able with "normal" ferroelectrics, though the requisite processing/dopant details
suffer not only from empirical determination, but also are unattractive from a
processing point of view (i.e., control of density, grain size, and second phase
formation). For instance, excess PbO is commonly added in the fabrication of
relaxor ceramics to: 1) suppress pyrochlore formation,. 2) compensate for PbO
volatility during heat treatment. 3) reduce the sintering temperature, and 4) pro-
mote grain growth. However, we have found excess PbO additions result in a large
degree of aging. In addition to excess PbO, excess MgO is commonly added to

[3611/1157
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FIGURE 1 Aging Behavior of PMN:10% PT doped with 0.1 wt% MnO. Dielectric response vs.
temperature after aging for different times at 20"C.

PMN to help prevent pyrochlore formation and to increase grain growth and sub-
sequent dielectric properties. Also, many additives, not only from impurities, are
added to modify To, ordering, etc.

The purpose of our ongoing studies is to correlate the effects of stoichiometry.
dopant additions, and processing parameters with resultant dielectric properties.
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FIGURE 2 Aging behavior of PMN: 10% PT doped with 0.1 wt% MnO showing preferential aging
of the dispersive component of K'.
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point defect formation, and nanostructure (i.e., ordering) of relaxor ferroelectrics.
This paper focuses on the effects of stoichiometry, dopant additions, and sintering
temperature on dielectric aging in PMN-based relaxors.

II. EXPERIMENTAL PROCEDURE

The compositions studied were based on solid solutions of PMN-PT and PMN-
PZN modified such that their dielectric maximas were near that of room temper-
ature. Powders were prepared using the Columbite precursor method.' ' In all
cases, calcined powders were characterized for phase purity using x-ray diffraction
analysis. Reagent grade raw materials were used throughout.

Compositional modifications included: 1) varying the A:B (ABO 3 perovskite)
ratio through excess/deficient PbO and MgO additions. 2) acceptor doping with
K -. and Ag' , 3) donor doping with La3", and 4) adding multivalent Fe and Mn.
Nonstoichiometric compositions were batched as:

Pb,(Mgl, 3Nb, 3)O3; x = 0.98, 0.99, 0.995, 1.005, 1.01. and 1.02
Pb(Mg.Nbz,3)O3; x = 0.30, 0.31, 0.32, 0.33, 0.34, 0.35, 0.36, 0.43, 0.53,

0.63

Dopants were evaluated by either adding them directly to the calcined PMN. or
adding them to the precalcined components (stoichiometry maintained).

Disks were used throughout this study along with state-of-the-art multilayer
capacitors containing high Ag:Pd electrodes. Sintering was performed over a tem-
perature range of 850°C to 1250°C depending on composition. The sintering at-
mosphere with respect to partial pressure lead was varied by sintering in: 1) closed
alumina crucibles containing PbZrO3 source powder, 2) a coarse PMN sand of
similar composition, and 3) a commercially used zirconate-based firing sand (for
T -< I IO0°C).

Weight loss, geometric density, phase purity as determined by x-ray diffraction,
and grain size were determined. The grain size was found from fractured surfaces
using SEM analysis. Selected samples were also characterized using TEM analysis
to investigate the influence of chemical modification on the nanostructure.

TABLE I

Effect of A:B Ratio on Aging Characteristics: Effect of Excess -. Deficient PbO

Percent Aging "Curie Temperature"

Multilayer Disk Multilayer Disk

A:B Ratio 850C 950 0C 95(00C (°C) (°C)

0.980 1.2 2.2 2.2 17-18 12-13
0.990 2.5 3 5 17-18 12-13
0.995 3,7 5 9 17 12-13
1.000 4,5 6.8 12 16 12-13
1.005 5.5 7.5 14 14 12-13
1.010 6.5 7.5 15 13 12-13
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Samples were surface ground and electroded using sputtered gold or a fritless
fire-on silver. Dielectric properties evaluated included capacitance and dissipation
factor measured for applied frequencies ranging from 0.1 to 100 KHz. over a
temperature range of -55°C to 125°C.

Dielectric aging studies typically extend to over 1000 hrs; to facilitate evaluation
of a large number of parameters, relative percent aging values were determined
from capacitance readings taken at 24 hrs and on a deaged specimen. We confirmed
these short aging rates directly correlate with those gathered during extended aging
runs. It is important to note. however, that aging rates determined in this stuoy
as well as conventionally determined aging rates performed out to 1000 hrs. neglect
information on the level and degree of any non-log linear behavior observed within
the first 1000 minutes. 13

I. RESULTS

Aging in stoichiometric PMN is generally low/negligible, but can vary widely de-
pending upon processing conditions including sintering temperature, time, and
atmosphere, as well as the purity of starting powders. We have found high purity
PMN (starting components >-99.99% purity) has a negligible aging rate. The fol-
lowing sections present our results concerning the effects of nonstoichiometry and
doping on the aging behavior.

A. Effect of A/B ratio: excess ++ deficient PbO

The effect of nonstoichiometry due to excess ,-- deficient PbO on the percent aging
is tabulated in Table 1. and graphically represented in Figures 3 and 4. Two effects

A 0
A

6.
3 ' 0

0

s 496 0

2

0 L1.
0.97 0.96 0.99 1.00 1.01 1.02

A:B RAdo

FIGURE 3 "'ercent Aging" vs. A:B ratio and sintering temperature.
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FIGURE 4 -Percent Aging" and weight loss vs. A:B ratio.

are immediately apparent: increasing either the A:B ratio or sintering temperature
increases the percent aging. Clearly excess PbO additions dramatically increase the
aging rate. In addition, as shown in Figure 5 the aging rate for disks is much higher
than for the multilayer configuration. As discussed below, this is most likely at-
tributable to the electrode material. Though not graphically shown, maintaining a
lead rich atmosphere by sintering in a closed container also increases the aging
rate.

is

E12,

S0 0

06'

Fh~dkW

0.," O. 0.99 !.;0 1.01 1.0M
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FIGURE 5 Comparison of aiigfor disk and multdayer configurations vs. A:B ratio.
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Although decreasing the stoichiometry to - 1.000 significantly reduces the aging
rate, problems exist with these compositions with respect to processing, i.e., pyro-
chlore formation and densification.

B. Effect of A.B ratio. excess ,-* deficient MgO

The effect of nonstoichior itry due to excess - deficient MgO is tabulated in Table
II. and graphically represented in Figure 6. Deficient MgO compositions exhibit
very low aging rates, while excess MgO additions continuously increase the aging
rate.

As contained in Table II. larger MgO additions up to 30% dramatically increase
the aging rate to -30%. Microstructurally. at this dopant level free MgO is found
locally isolated at not only triple points, but also dispersed within the PMN grains. 16

For 10% MgO additions, doping with 0.5 wt% Cr_,03, or MnO, dramatically de-
creased the percent aging, while Fe20 3 left it virtually unchanged.

C. Effect of dopants

Table III contains a summary of our results on the influence of donor and acceptor
doping on the aging behavior. They can be summarized quite simply: for PMN
compositions which exhibit aging, acceptor dopants dramatically increase the aging
rate, while donor dopants decrease it. In order to interpret this effect, clearly we
need to understand the influence of dopants on the concentration of electronic or
ionic point defects. In the following discussion section we propose a simple model
for the defect chemistry of PMN. Within this scenario, acceptor dopants can be
electronically compensated by the creation of holes, i.e.. p = [A'], or ionically

4

m3

eg

31

0

-4 -2 0 2 4
DFdGR 6" in v. M* S onn.

FIGURE 6 'PretAging" vs. magnesium content.
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TABLE I

Effect of A:B Ratio on Aging Characteristics: Effect of Excess -. Deficient MgO

Mole % Percent Aging % Pyrochlore Grain Size (jim) Curie

Magnesium Multilayer Disk (calcined powder) Multilayer Disk Temperature

3 2.7 4.6 1 2-3 3-4 18
2 2.6 3.6 3 2-3 4 19
1 3.3 1.8 3 2-3 2-3 19
0 1.9 1.0 4 2-3 1-4 20
1 1.7 0.9 3 1 1-2 21
2 1.7 1.1 7 1 1-2 22
3 - 1.0 13 - 1-2 -

Composition Additives "Percent Aging" Percent Weight Loss

PMN-PT - 4.0 0.3-0.4
PMN-PT via Mixed Oxide 10% MgO 25 2
PMN-PT via Columbite 10% MgO 30 2

20% MgO 25-30 1.7
30% MgO 30 2.5

PMN-PT via Columbite 10% MgO & 4.7 0
0.5 wt% Cr2O3

10% MgO &
0.5wt% MnO.

10% MgO &
0.Swt% FeO,1

compensated by the creation of oxygen vacancies, i.e., [A'] = 2[V J. Similarly,
donor dopants can be electronically compensated by the creation of electrons, i.e..
n = [D*], or ionically compensated by the creation of lead vacancies, i.e.
[D°] = 2[V"b].

IV. DISCUSSION

Understanding the active mechanisms responsible for the observed aging effects is
clouded by a lack of basic knowledge concerning polarization mechanisms, na-
nostructure, defect structure, conduction, and ordering in relaxors. Clearly we need

TABLE III
Effect of Donor and Acceptor Dopants on Aging Characteristics

Dopant Effect Comment

La " - I, A.R.
K1- 1' TT A.R.
Na - t T A.R.
Mn t or I A.R. T if added prior to

calcination of PMN
I if added to

perovskite PMN
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a grasp on these concepts. Recent experimental evidence supports the composi-
tional heterogeneity model of a relaxor ferroelectric first proposed by Smolenski.1
The currently "accepted" model suggests:

* Fluctuations in the BIB 2 cations on the B-site of Pb(BB_)0 3 relaxor perov-
skites are necessary for the relaxor behavior.

e The polar orientation of micropolar regions is dynamically disordered at higher
temperatures due to thermal motion.

The iaL .r suggests the activation energy between the energetically degenerate
[111] polar directions is small, and on the order of several kT (Figure 7). It is likely
compositional fluctuations/gradients will give rise to differences in local - global
symmetry. which in turn will perturb the energy minima associated with the po-
larization direction (Figure 8). The main consequence of such lowering is that:
statistically the polar vector will spend a longer time along the crystallographic
direction giving rise to the deepest minima.

Aging phenomena becomes explicable then if the micropolar P, orientation is
stabilized due to the presence of a defect dipole. Addressing several of the signif-
icant features of aging in relaxors listed earlier:

* Polar microregions with the longer relaxation times will stabilize first: these
are not too large to prevent reorientation nor too small to be thermally activated.
.% the lower frequency permittivity will age at a faster rate.

9 Cooling to T < Tag,,s creates new unstabilized micropolar regions. recovering
the dispersive component of e' and e".

* Heating to T slightly > T,,, does not create new micropolar regions, therefore
the dispersive character of :' and e" is not recovered.

We propose the aging effects exhibited by the doped and nonstoichiometric PN4N
compositions can be ascribed to variations in the oxygen vacancy. V, ,, and lead
vacancy, V" concentrations. In the following section we present a possible defect
scheme to support this hypothesis.

V. PROPOSED DEFECT CHEMISTRY OF PMN

Elucidating the identity and concentration of point and electronic defects in PMN
is certainly a difficult task. In order to thermodynamically define PMN (a quar-
ternary system) in its environment, we need to control not only the temperature
and partial pressure of oxygen, but also the activity of lead (apb) due to its volatility.
The latter can be approached by firing in closed crucibles with volatile lead species,
but lacks precise determination. Although this limits obtaining quantitative data.
one can make qualitative analyses with respect to effects of processing and com-
positional parameters on the relative concentration of defects.

Ls msmmm mmr n I mmmn m s = m ..
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Model for a Relaxor Ferroelectric

, ii

" Volume . (200) 3, AG . SkT

" In a perfect single crystal <1113 directions are equivalent
* Energy minim@ 1.I 2, 3 ad 4 are degmeeate

FIGURE 7 Schematic of the elastics Gibbs free energy. AG, vs. polarization for four of the eight
equivalent (111 directions in a perovskite ferroelectric in the rhombohedral phase.

The defects one can reasonably hypothesize exist in doped PMN include lead

vacancies (V"b), oxygen vacancies (Vo), electrons (n), and holes (p), and donors
(D*). and acceptors (A') if doped. The existence of B-site vacancies will not be
addressed here, although B-site vacancies have been hypothesized to form in PLZT

4G

Pdar vecter spem ko Polar veetor spmd lnger
time 810o ' elb time along 41130

FIGURE 8 Two dimensional representation of the perturbation of the Elastic Gibbs free energy vs.
polarization direction due to local .- global symmetry differences.
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to compensate high donor concentrations. The relationship between the relative
concentration of these defects is referred to as the electrical neutrality condition.
and is expressed by:

n + [A'] + 2[Vbl = p + [D] + 2[Vo] (1)

Several reactions are needed to describe the defect chemistry in order that the
relative concentrations of the above defects can be determined as a function of
temperature and partial pressure oxygen and lead. Direct thermal ionization of
electrons across the band gap, referred to as the intrinsic reaction, is expressed as:

nil - e' + h' (2)

K, =np = A exp [-/kT] (3)

where P is the band gap energy. and K, is the equilibrium mass action constant.
For a constant lead activity, the formation of V' can be expressed as:

COx,' 1/20, + V, + 2e' (4)

K, = 0[V ]PO 2  (5)

where PO, is the oxygen partial pressure. If the P0 2 is constant, then the fermatio,
of Vo car. be expressed as:

Pb(g) .. PrP'b + V + + 2e' (6)

K, = n2[Va'a1b (7)

where aPb is the lead activity.
For a constant lead activity, the formation of V"t can be expressed as:

1/2 0, +-O' + V't'b + 2h°  (8)

Kv-, = p2[V' bPO 21 2  (9)

If the P0 2 is constant, then the formation of V"b can be expressed as:

PbXb ' Pb(g) T + V'b + 2h°  (10)

Kv-,= p2[V Pb]ap (11)

ap, will be directly related to the lead partial pressure, PPb, assuming the volatile
species is Pb ions.

The relative concentrations of these defects will be a function of T. PO,, and
Pb, although the predominate defect at any specific T, P0 2, and PPb is not clear.
Recent TEM studies have clearly shown regions of PMN exhibit 1:1 ordering of
the B-site cations, see Figure 9. The "sea" surrounding these ordered regions must
necessarily be rich in Nb. In order to maintain charge neutrality in these regions.
we propose that the lattice must contain compensating charged point defects. Within
ordered regions Vo would be the favored defect, while in the "sea" V b would
form.

Regardless, we can use the proposed defect equilibria to analyze the effect of
nonstoichiometry and doping on the point defect concentration. Reiterating, excess
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nonstoichiometric regions. resulting in an internal field within and across these
regions. We believe it is these local fields associated with the defects which give
rise to aging of the polar microregions in the PMN-PT compositions.

VI. SUMMARY

The results of our aging studies to date can be summarized as:

(1) Aging in PMN-based relaxor ferroelectrics; is strongly dependent on stoichi-
ometry. Excess PbO or MgO increases the aging rate.

(2) Acceptor doping with Ag' 1. K '*, or Na' increases the aging rate.
(3) Donor doping with La 3 -1 decreases the aging rate.

By assuming a simple model for the defect chemistry. these results can be con-
sistently explained by the concentration of oxygen and lead vacancies.

Other effects observed (see Table 11) but not fully addressed include the effects
of Cr,0 3 , MnO, and Fe2 0 3 dopants. We have also found the hydrostatic stresses
associated with encapsulating a MLC increases the aging rate. We are also currently
evaluating the effects of varying the PO, while maintaining the ap constant. Our
ultimate goal is to understand the aging phenomena exhibited by relaxor ferro-
electrics. and in this manner control it.
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ferroelectric ceramics
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Dielectric ageing effects have been well investigated in Hence, the purpose of this paper was to propose
normal ferroelectrics. The deterioration of various a model to explain the ageing phenomena previously
properties with time has been found to be related to observed in relaxor ferroelectrics. in particular MnO-
one common feature: the gradual stabilization of the doped 0.9PMN-0. I PT ceramics. The relaxor compo-
ferroelectric domain structure via the fixation of sition used throughout this study was 0.1 wt % MnO-
domain walls. The stabilization of various domain doped 0.9PMN-0. I PT. having been previously found
configurations is considered to be due to the presence to exhibit significant ageing. The addition of 0.1 mol
of defects. Several mechanisms responsible for the of PbTiO3 was used to shift the Curie maximum to
stabilization of polar regions (domains) as a result of slightly above room temperature.
interaction with defects are summarized by Carl and The ceramic processing technique developed by
Hardtl [I] and more recently by Schulze (2]. As Swartz and Shrout [10] was adopted for the prepara-
modelled by Plessner (3], a distribution of activation tion of the PMN-PT ceramics. The process basically
energies reflecting the random nature of obstacles involves the pre-reaction of MgO and Nb:Os to form
(defects) to domain wall motion mathematically the precursor MgNbO,6 prior to reaction with PbO
results in the observed logarithmic ageing behaviour and TiO 2. This process has been highly successful in
found in normal ferroelectrics. Experimentally it has the limitation of undesirable phases. in particular the
been shown that the logarithmic decay in the dielectric PbO-NbO, pyrochlore(s). The PMN-PT was doped
and piezoelectric properties holds for many years. with the addition of 0. 1 wt % MnO using a diluted

Ageing in ferroelectrics infers that the dielectric solution of Mn(NO,.)2 [7. Discs were prepared from
response includes intrinsic as well as extrinsic the calcined powder followed by sintering. The den-
phenomena. e.g. domain wall motion with the later sified discs were cut and ground and sputtered with
ages with time. Recent studies on isothermal ageing in gold electrodes. Further details of the sample prepara-
PZT ceramics doped with iron by Diederich and Arit tion have been previously reported (7].
[4] demonstrate that plots of dielectric constant (K') The dielectric behaviour as a function of time in the
against dielectric loss (K'), for various frequencies. MnO-doped PMN-PT ceramics was investigated iso-
result in a linear relationship which when extrapolated thermally and (pseudo-)dynamically as well. Isother-
to a common intercept at the K' axis yields the bulk mal ageing studies involved monitoring the change in
dielectric constant value. Thus the intrinsic dielectric dielectric properties as a function of time at a given
properties could be obtained, temperature. whereas dynamic ageing looked at the

Ageing effects in "non-normal" ferroelectrics have influence of a well-aged sample on the dielectric-
also been observed in relaxor ferroelectrics including temperature behaviour, particularly near the Curie
PLZT by Schulze et at. (5]. in the tunpten bronze maximum. Prior to dielectric-temperature runs, sam-
Sr, Ba,.,NbO, (SBN) by Borchhart et at. (6], and pies were de-aged by heating to 150.C and held for
perovskite Pb(Mg,,3Nb2 ,)O3 (PMN) doped with about a half hour and then brought down to a fixed
MnO by Pan etal. [7]. It must be remembered that in temperature to allow ageing. The "time equals zero"
normal ferroelectrics the phase and composition are on the measuring clock was given at this point.
homogeneous throughout the ceramic and/or crystals, Samples aged at room temperature were placed in a
whereas in relaxor ferroelectrics these conditions no dessicator in an air-conditioned laboratory space (23
longer exist. A relaxor ferroelectric may be considered to 26 C). Ageing at temperatures higher than room
an intimate mixture of different paraelectric and ferro- temperature was carried out in a Plexol oil bath heated
electric relpons due to micro-inhomogeneity as a result by a powerstst with temperature fluctuation ± 30 C.
of lattice and/or cation disorder. Different regions Ageing at temperatures lower than room temperature
thus have a different degree of ferroelectricity and was carried out in a commercial freezer with a measured
Curie temperature depending on the composition and temperature variation of ± 2* C.
the size of the chemical microregions [8]. The overall The relative permittivity (dielectric constant K)
eflec is a ferroelectric with a broad Curie maximum against temperature measurement was carried out in a
and associated frequency dispersion in the dielectric computer-controlled environment chamber (Delta
properties [9). It may be expected, then, that when a design Model 2300). The dielectric properties were
relaxor undergoes aging, the behaviour of the aping measured using a Hewlett-Packard LCR meter
is modified by the characteristic composition and (Model 4274A) under computer control covering a
phase inhomogeneity. frequency range from 100Hz to 100kHz. The field
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strength of the measuring field was less than IOV temperature for 1000h and then measured upon heat-
cm '. low enough not to cause de-aging effects. The ing. The dashed curves represent the data for samples
temperature was determined with a Fluke 8520A thermally de-aged at 1500C and then measuring
digital multimeter via a platinum resistance ther- during cooling. Several interesting features are
mometer mounted directly on the ground electrode apparent in the figures, including saddle-shaped
of the sample fixture. A Model HP 985A desk-top depressions in the dielectric constant and loss at the
computer was used for on-line control of the measure- temperature of ageing and the reduction of frequency
ments through an HP 69040 multi-programmer inter- dispersion, with the latter being recovered at a point
face. The samples were put into the chamber at a below the aging temperature.
temperature far below the ageing temperature to The characteristic -saddle- in the dielectric tern-
avoid de-aging before the measurement. The tem- perature curves reflects the reduction of the dielectric
perature was then lowered to - 700C and the dielec- constant and corresponding loss as a result of ageing.
tric properties were measured using a heating rate of The position of the saddle point was found to occur at
40 C mn -'. For de-ageing study the sample was kept the temperature at which ageing took place. as seen in
at 150* C for half an hour, then the temperature was Fig. 2 showing dielectric against temperature curves
cooled down at the same rate and the dielectric for samples aged at 40*C. room temperature (R.T.)
properties were measured. and - I5PC. Though the point at which the saddle

Isothermal ageing studies were carried out in an occurs is dependent on the temperature at which age-
insulating chamber comprised of Styrofoam. A multi- ins took place, the depth and overall shape of the
sample holder was used so as to be able to monitor the saddle are not. As observed, the saddles for the 400 C
dielectric properties of many samples simultaneously, and R.T. dielectric apeing curves were much sharper
A constant temperature was achieved by the circula- and deeper than that for the - 150 C curve.
tion of controlled temperature water through copper In order to explain both the depth and shape of the
tubing. Above room temperatumre, the temperature of
the water was maintained by a temperature-controlled
water bath. The temperature was controlled to within
±0.1"C for a period of 1000 min. Below 22C, con-
trol was made by using a mixture of hot and cold
water and was better than :0.3"C for a period of
1000min. Dielectric properties were aain measured A
using a Hewlett-Packard Packard Li meter (Model 1
4272A). Both the real K' and imaginary part (K) of
the dielectric constant were determied. Jr was cal-
culated using the expression r = K' tan 6 where
tan 6 is the dielectric lou . The data were taken about C
20 times per decade of time to ensure a uniform distri.
bution of the data points in dielectric contant aginst ,I,_,_ ,_ _
log(time) curves. The r.ms. amplitude of the measur- .i o U 70
ing field was agin under IOVcm - and the frequen.
ce were from I to 100kHz. TEIRATURE A)

Fig. I shows the dielectric constant (Fig. la) and ilwe 2 Effect o(oing temperature on 00 Hz dielectnc constant
loss (Fig. Ib) at various frequencies (0.1, I, 10. and agaisist temperatur in O.iwt% MnO.ped 0.9PMN-O.IPT

cerami samiles. Solid curvs am for apid samples: curve A i for
lOOkHz) against temperature for OtIwt% MOO-_ diamplap 0Ito at 4W C.cumv Bits for the sample ahed 10 hdoped 0.9PMN-0. IPT ceramics. The solid curves at room temperature and curv C is for the sample aneed 100 h atPreset the dielectric data for a sample ag at room - IS* C. ddW curm ae For fresly d..asd samples.
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Fiwe I (a, Schematic diagram of Curie temperature apinst one-dimensional distance for a relaxor. ( Scheme of dielectnc constants
against temperature for I- - - individual homogeneous regions in a relaxor erroiiectnc and (-) the relaxor system as a whole.

saddle point occurring at the ageing temperatures. Fig. 3a is a schematic diagram showing the Curie
clearly we must first postulate a model to explain the temperature against one-dimensional distance for the
dielectric constant against temperature behaviour for relaxor. When ageing is carned out at a temperature
a ferroelectric relaxor system and its overall relation. marked by T1.,,. the ferroelectric region indicated by
ship to the individual micro-regions. In a relaxor **Aged Non-Dispersive" undergoes ageing. Alter age-
ferroelectric, the size of the polar regions is much ing. when the temperature decreases below T,,,, the
smaller than the domain size in a normal ferroelectric. region is aged and non-dispersive, while the region
Thus the energy required for the reorientation of the indicated by "'Unaged Dispersive" is a fresh ferro-
spontaneous polarization vectors is comparable to the electric region which is unaged and dispersive. It is
thermal energy. Therefore. the reorientation of the these "unaged", "dispersive". and -fresh" ferroelec-
spontaneous polarization vectors under a weak field tric regions which raise the dielectric constant and
contributes to a major part of the weak-field permit- dispersion below the ageing temperature. If the small
tivity. The observed permittivity-temperature res- dielectric peaks shown in Fig. 3b are sharp, it is not
ponse through the radio frequency range is a result of difficult to visualize the quick recovery of the dielectric
a statistical spread of Curie temperatures and a statis- constant below the ageing temperature and then the
tical distribution of"flipping" frequencies. Recently, a dielectric constant, as well as the dispersion, recovers
phenomenological model combining these two contri- as was shown in Fig. Ia. Apparently, how soon the
butions has been attempted by Yokosuka and Maru- dielectric behaviour shown recovers below the ageing
take [Il l]. However, this model is still incomplete as the temperature depends on how much paraelectric'
observed dielectric behaviour should also depend on ferroelectric phase conversion takes place upon cool-
the kinetics and interaction between neighbouring ing past the ageing temperature. Naturally. since most
polar microregions which weights any statistical dis- of the regions transform into ferroelectrics near the
tribution. Nevertheless. with a qualitative understand- temperature of the dielectric maximum, the recovery
ing of the superparaelectric behaviour, the observed of the dielectric constant is very fast and the saddle
ageing behaviour can be explained. points are sharp (deep) for ageing at 400C and at

According to this model, various physical constants room temperature as shown in Fig. 2. At - IS* C.
vary continuously from place to place due to the most of the assemblage has transformed into ferro-
compositional inhomogeneity. The crystal can be electrics, and therefore little phase transformation
divided into small regions and within each one, the takes place below this temperature and thus the saddle
physical constants are assumed to be uniform. Fig. 3 point is not sharp.
shows a scheme for the weak-field dielectric constant-
temperature response and its relation to those of the 16000
individual regions. As depicted, each region has its
own dielectric peak situated at a different temperature
as a result of micro-chemical inhomogeneity associ-
ated with relaxor ferroelectrics. It must be mentioned
that the dielectric maximum temperature for a region __ _4000

should be lower than the Curie temperature of the
region. and the peak must be much broader than the
intrinsic dielectric peak due to the "flipping" con- 3OO
tribution of the spontaneous polarization vectors. The
overall dielectric maximum of the relaxor ferroelectric
thus situates at the temperature where the small peaks 12o101 *i *I

are the most densely populated, which infers statistic- TIME (ml
ally that most of the regions transform into ferro- Fqw 4 Dielecn constant apinet lop(bam.) for undoped
electrics at the dielectric mamum temperature upon 0.9PMN-0.IPT cermamc samples at 1"C: (0) I kHa (0) 10kHl
cooling. (W) OOkHz.
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9500 peratures. even a large electric d.c. bias (up to about
several kVcm ) cannot stabilize the thermally tuc-
tuating polarization vectors. Therefore. we may assume

900 that as the dynamic nature of the fluctuating polar
(P,) vectors increases, the interaction with the defects
becomes less efficient and thus ageing becomes slower.
From here on. we will refer to the regions with rela-
tively stable P, vectors as theflast ageing regtons and

£O the regions with flipping dynamic P, vectors as the
slow ageing regions. If the fast-ageing ferroelectric
regions age preferentially, leaving the paraelectric and

soo'...... .......' , ,,,slow-ageing ferroelectric regions behind, the ageing
10 T IM1 (m 0 rate will decrease and level out with time as observed

in Fig. 4. At a temperature highly populated with

fieure 5 Dielectric constant against Io9(time) for undoped ferroelectric regions with relatively stable P, vectors.
i).9PMN-O IPT ceramic samples at IPC (v) I kHz. (A) 10kHz. the levelling-off effect caused by the paraelectric and
iQi I00kHz slow-ageing ferroelectric regions would thus take a

For isothermal ageing, the dielectric constant longer time to be observed. As shown in Fig. 5. the
against log(time) for doped PMN-PT aged at 370 C is -levelling-off" effect for ageing at lS C is not
shown in Fig. 4. The anticipated log-linear relation- obviously visible within 104 min. In addition, a more
ship. which holds for several years in normal ferro- pronounced dependence of ageing on frequency was
electrics. was not found. As shown, in the early stages, observed. This was expected. being located in the
ageing took place at a relatively fast rate ( - 10% per more dispersive component region of the Curie
decade) before levelling out just beyond 1000min transition.
(- 3% per decade) to what appears to be a linear The effect of temperature on the ageing behaviour is
region. Since most ageing experiments use time further illustrated in Fig. 6. For the sake of com-
periods ranging between 10 and 100h. in order to parison. the curves have been normalized to that of
avoid problems in short-term thermal equilibrium and their respective values of the de-aged state (value at
associated "zero-point determination." much of the "zero time" or close proximity). For higher ageing
vital ageing information in relaxors has been over- temperaturs. the normalized values of the dielectric
looked. To explain both the level of ageing as well as constants were found to be lower initially, approach-
the non-linear behaviour, one must again propose a ing the values for lower ageing temperatures at about
model explaining the dielectric behaviour and its 10 min. The lower initial values are caused by the fast
overall relationship to the micro-regions. ageing under higher temperature, since ageing is a

For normal ferroelectrics. as the unit cell distortion thermally activated process. Apparently. there are
becomes less, the ageing rate increases because less fewer ferroelectric polar regions available to maintain
strain is involved in domain wall movement [10). For the initial ageing rate under higher temperatures th'an
relaxor ferroelectrics. however, the fact that the polar under lower temperatures. When the ageing time is
vectors are easily moved.flipped by room-temperature extended to 103 mnin. the amount of the remaining
thermal energy indicates little lattice distortion. yet for unaged ferroelectric polar regions is not enough to
undoped or stoichiometric PMN-PT relaxors. little maintain the earlier ageing rate and consequently a
ageing is observed. The role in which the manganese "levelling-off" effect occurs faster earlier.
addition results in ageing is probably related to an
internal biaL as shown in "'hard PZT ceramics." yet as
demonstrated by Yao et al. [13] above certain tem- 160

1.0/
.0 14000

%.. TiME

117 061 12000 I
TIME Imin) 300

Figwe 6 1OO~ dierMact constant (normaiad to the initial de- K"
apd values) aginl klotime) for 0. 1 wt % MnO-doped 0.9PMN- FigW' 7 K against K plots of isothermal aping for 0 i ,i'.
0. I PT cmue mapli at dilet imperaturei s I$I P C. w,) N4nO-doped 0.99M N-0. I pT ,mimic samplesa t 3r C (O 1 k Hz.
26C. M 3 ). (ahc. I,1 10kHz. ,v) 100 kHz.
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Figure 8 Dielectric dispersion curves for two micropolar regions in shorter relaxation time-constant region. Over a rela-

a relaxor ferroelectric with different cut-off frequencies: (a) before tively long ageing period, after the long relaxation
ageing and (b) after aging. time-cor,;tant components have aged out. the dielec-

tric response is taken over by the short relaxation
Complex ageing curves of K' against K' at different time-constant regions and the reduction in loss tan-

frequencies for PMN-PT aged at 37*C are shown in gent is less with time. As a result, the curves keep
Fig. 7. As shown, these curves are obviously not bending downward with time as shown in Fig. 7.
straight lines as found for normal ferroelectrics. The observed -'bending" effect also depends on the
Further, it is not possible to extrapolate these curves temperature at which ageing takes place. The nor-
to the K' axis to obtain the bulk value of the real part malized real dielectric constant K' against imaginary
of the dielectric constant. This is to be expected since dielectric constant K" is shown in Fig. 9. Clearly. the
a major contribution to the weak-field permittivity of curves for higher ageing temperatures are always
a relaxor ferroelectric comes from the extrinsic P, below those for lower ageing temperatures. This sug-
vector reorientation under the measuring E-field. gests that for the same ageing time, high-temperature
Another feature to note is that the curves keep bend- ageing eliminates a greater fraction of the real dielec-
ing downward as ageing continues. This implies that tric constant than low-temperature ageing for the
as the ageing increases, the ageing rate of the real same fraction of the imaginary dielectric constant
part K') increases relative to the imaginary part of eliminated. Apparently. as temperature increases, the
the dielectric constant (K). To understand this polar vectors become more dynamic and the relaxa-
phenomenon clearly, a "distribution" of relaxation tion time constants for the polarizabilities of these
time constants for the polar vector reorientation in vectors become less and less. As demonstrated in Fig.
different polar regions needs to be considered as done 8, the stabilization of these vectors involves more
for the dielectric constant in Fig. 3. Given that regions reduction in the real dielectric constant and less reduc-
of relatively stable P, vectors possess longer relaxation tion in the imaginary dielectric constant; this is the
times than these of regions of dynamically fRipping reason why the curves for higher ageing temperatures
polarization vectors, the "'cut-off frequency," as are always under those for lower ageing temperatures.
defined in Fig. 8, for various regions is distributed To summarize, the dielectric ageing effects in MnO-
over a wide range accordingly. For simplicity, Fig. 8a doped 0.9PMN-O. I PT relaxor ferroelectrics were
shows dispersion curves for only two regions with found to be correlated with the micro-compositional
different corresponding cut-off frequencies. Naturally. inhomogeneity nature of the relaxor ferroelectric. The
the dielectric dispersion curve for the whole system is recovery of the magnitude and dispersive component
a weighted average of those for all individual regions. of the weak-field permittivity below the ageing tem-
If the ageing of a single region is a pure "timing" perature was correlated with the diffused phase tran-
process, i.e. the cut-off frequency for the region moves sition of the relaxor. The paraelectric matrix at the
continuously lower, then after a sufficiently long time apeing temperature is being transformed into ferro-
the cut-off frequencies for both regions may have electric polar regions which reorient under the weak
moved below the frequency or the measuring field, field, re-establishing the magnitude and dispersive
Dispersion curves for the two regions for an aged component of the permittivity.
sample are depicted in Fig. Sb. where it may be seen The observed non-linear behaviour of dielectric
that the longer relaxation time-constant region shows constant against log(time) at a constant temperature
more reduction in loss tangent after ageing than the was also a manifestation of the micro-compositional
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ABSTRACT

The effects of surface layer and surface stress on the dielectric properties of PIZT ferroelectric

ceramics were studied. The specimens with surfaces prepared by grinding and polishing showed
anomalous dielectric properties, i.e. smaller dielectric constant, lower dielectric loss below Curie

temperature and smaller polarization than those of the specimens whose lapped surface layers
were removed by chemical etching. After annealing at 650 °C for lhr, the dielectric properties
showed improved values; the behavior may be attributed to the existence of surface layers
produced during grinding and polishing which seem to be nonferroelectric in nature while under

2-D tensile stress, and having large capacitance of the order of 0.1-1.0 .iF/cm2.

I. INTRODUCTION

The surface layers of ferroelectrics have been widely studied by many investigators,[1 -31 in

early 1960's. Most experimental studies on surface layers of ferroelectrics have been performed
on single crystals of BaTiO3[41, TGS [51 and PbsGe3O 1 [6], with very few studies being related to

the ferroelectric ceramics. Jyomura et aL investigated the effects of surface layer on barium and

strontium doped PZT ceramics and concluded that the lapped surface layer was a 0.1-2 pm thick

nonferrelectric layer with 2-D stress of 5-15 kbars. But their experiments were confined only

to unannealed specimens. If the two dimensional tensile stress generated during lapping does

influence the dielectric properties, annealing could greatly reduce such surface stress, with a

possible improvement in the dielectric properties. In this paper, the effects of the lapped surface

layer on dielectric properties are studied on both unannealed and annealed PLZT ceramic

specimens, and the possible mechanisms of the surface layer discussed.

II. EXPERIMENTS

The material used was hot pressed lanthanum doped PZr with the composition of 7/68132



[%.93 Lao.0 Zro.6Tio.3)0.gW 03].The samples were subjected to different surface preparations:

(a) After slicing, the specimen were annealed at 650 0 C for lhr, then ground to the desired

thickness of about 200 gtm, some of the ground samples were further polished or chemically

etched. (b) After slicing, the specimens were ground to about 200 p.m thick, some of them were

further polished or chemically etched, then the ground and polished samples were annealed at

650 °C for lhr. Electrodes were either sputtered gold or evaporated gold for different

measurements.

The temperature dependence of dielectric constant and dielectric loss were measured by

Hewlett Packard LRC meter (model 4274A). The pyroelectric currents were measured with the

HP 4140B picoampere meter. Temperature was measured with a Fluke 8502A digital multimeter.

Ferroelectric hysteresis loops were measured by using a modified Sawyer-Tower circuit at room

temperature.

II. RESULTS AND DISCUSSION

A. Lapped Surface Layer

Temperature dependences of dielectric constant (K) and loss tangent (tan 8 ) at 1 kHz with

ground, polished and chemically etched surfaces are given in Fig. 1; and similar results were

obtained at the other two freqencies of 10 kHz and 100 kHz. There are differences in the behavior

of the dielectric constant with temperature near the Curie temperature (Tc). The specimen with

ground surface which is the roughest had the lowest K, the one with etched surface had the

largest K and the one with polished surface had a K value between the two. It may also be noted

that loss tangent below Tc is different for different surfaces. Etched surface had the highest value

of tan 8, the ground surface had the lowest value of tan 8, and the polished surface had an

intmediate value.

These anomalies in dielectric properties are caused by ground and polished layers on the

surfaces of ceramic bodies. If we consider the homogeneous surface layer on the two faces of the

specimen in contact with the electrode and assume the resistance of the sample and of the surface

to be very large, then the lapped surface layers could be thought of as capacitors connected in

series with the bulk the total meased capacitance, C, can be represented by:
l/cr l/Cs + 2/CS (1)

where CB, Cs are bulk capaciamce and surface layer capacitance respectively.
If we take the capacitance measured from ground sample as Cr, the one measured from

etched sample as CB, the Cs calculated from eqn. (1) is 0.2 to I ILF/cm 2 in the temperature
range of-40 OC to 160 °C, it only increaes slightly with increase in temperature with no Tc



peaks, and hence lapped surface layer is non ferroelectric. In Fig. 1, at low temperature, the K
value for the 3 surfaces are very close, CB is very small compared to Cs at low temperature.

From eqn. (1), it may be seen that CT - CB, and the lapped surface layers do not influence CT to
a notable scale. But near Tc, CB becomes much larger, comparable to the value of Cs. Therefore,
the measured Cr deviates from CB, Cr being lower than CB.

It is well known that high dielectric loss below Tc in ferroelectrics is generally due to the

hysteretic ferroelect'ic domains. Since the lapped surface layers are non ferroelectric, they have
lower loss than the bulk. The total measured loss (tan 8 hT can be represented by:

(tan 8 )T- (tan 8 ) - (tan 8 )s- (tan 8 )B/(I+Cs/2CB) (2)
where (tan 8 )B, (tan 8 )s are loss tangents of the bulk and the surface layer, respectively.

Below TC, (tan 8 )s is smaller than (tan 8 )B, [(tan 8 )s - (tan 8 )B] is negative, and so is
[(tan 8 )T -(tan 8 ).]. Therefore, (tan 8 ), is smaller than (tan 8 )B, as can be seen from Fig. 1.
tan 8 of the etched sample is higher than those of the lapped ones. The hysteresis loops for lapped
and etched samples at 0.1 Hz are shown in Fig. 2. The loop of the etched sample is squarer than
those of the lapped samplesand the remnant polarization is higher for the etched specimen. From
experiments, it is known that the lapped surface layers which may be considered amorphous and
mechanically disturbed, influence the dielectric properties but the surface tensile stress induced by
polishing and grinding may also be responsible for the anomalies of the dielectric properties,
which will be discussed in sec. M1 (B).

B. Two-Dimensional Tensile Stress on Lapped Surfaces.

In section HI (A), the measurements were done on specimens which were ground and
polished after annealing. In order to get a better understanding of the surface layers, the dielectric
measurements were caried out on specimens which were annealed after grinding and polishing.
Fig. 3 shows the temperature dependence of dielectric constant and loss tan 8 for the two thermal
treatments. In Fig. 3(a) and Fig. 3(b), near TC, the dielectric constant of the specimens annealed
after lapping are higher than those of the specimens annealed before lapping. The loss tan 8

below Tc also behaves similarly. In Fig. 3(c), the etched samples were made by chemically

etching specimens that were polished after annealing and by chemically etching specimens that
were polished before annealing. They showed an almost identicat behavior which means that the
bulk properties are same under the two thermal treatments. The different K and tan 8 of the two
thermally treated lapped samples may be attibuted to the natm of surface layers.

There are two possibilities that may be responsible for this anomalous dielectric behavior
caused by the two thermal treatments. One is that annealing after lapping may change surface



composition, surface structure or domain structure; the other is that two-dimensional tensile
stresses may exist on the surfaces. In the first, since the annealing temperature is low (650 °C),
such changes are unlikely to happen; to examine this, measurements were performed on
specimens which were annealed after etching. The results, shown in Fig. 4, indicate no change
after annealing. So it is the surface stress that is responsible for the anomalous behavior which is
in good agreement with the studies of Jyomura et al. P11 who found that the surface stress
generated during lapping was about 5 to 15 kbars.

The tensile stresses on lapped surface are sensitive to the thermal treatment. Annealing could
reduce these stresses and improve the dielectric properties as seen in Fig.3. It was found that the
electrode sputtering process could also be considered as a kind of thermal t'eatment During the
sputtering process, due to the high energetic bombardment of the surface of the sample, the
surface temperawre could be rather high during a short time, and the surface stresses could be
partially reduced by sputtering. However in the process of evaporating the electrode, such high
energetic bombardment is absent. The tensile stress on the surface with evaporated gold was
expected to be higher than those on the surface with sputtered gold.

The dielectric measurements were performed on the specimens with evaporated gold
electrodes. Fig. 5 shows the result of the dielectric constant and tan 8 versus temperature for
samples annealed both before polishing and annealed after polishing. Comparing Fig.5. with Fig.
3(b), one can clearly notice that the deviations of K and tan 8 between the specimens annealed
brfore polishing and the ones annealed after polishing in Fig.5. are more profound than those in
Fig. 3(b), as was expected.The hysteresis loops in Fig. 6. were measured at room temperature at
0.1 Hz- the remanent polarization is larger for samples annealed after polishing. The temperature
dependence of spontaneous polarization and pyroelectric coefficient were also measured, which
are not show here. The spontaneous polarization and pyroelectric coefficient was larger in the
case of samples annealed after polishing. The surface stresses could decrease the remanent and
spontaneous polarization and the pyroelectric coefficient.These results suggest that the lapped
surface layer with tensile stresses considerably alters the dielectric properties. It is necessary to
anneal the specimens after lapping in order to get adequate properties, especially when the
samples are thin. The properties of the bulk could be measured by chemical etching since it
relieves the surface suss and eliminates the amorphous lapped layer.

IV. CONCLUSIONS:

Surface layers on PLZ ceramics, produced by grinding and polishing seem to be non
ferroelectric and have appamt capacitance to be of the order of 0.1 to I ;F/cm2.The surface



capacitance lowers the total measured capacitance, Cr, especially near Tc. Surface stresses,
which appear to be in the nature of 2-D tensile stresses, are also found on ground and polished

surface of PLZT. The surface stresses are partially responsible for the anomalous dielectric
behavior, and annealing could greatly reduce the surface snresses.The nature of electroding seems

to affect the dielectric and polarization behavior as well. Deposition of electrodes by sputtering

causes bombardment of surfaces with energetic species and can affect the intrinsic surface stress

conditions. Such surface bombardment is absent in the case of evaporation.The chemical etching
of samples with lapped surface can offer better dielectric behavior, the dielectric properties of the

bulk ferroelectrics may be measured by this way. More detailed experiment to complement these

observations in other compositions are already in progress.
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IMORPHOTROPIC PHASE BOUNDARY IN pb(Mg,,j 3Nb)OV-pbTlos SYSTE.M
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Dielectric and PYroelectfic Properties in the solid solution 0I -X)Pb(Ms.,,Nb1 ,, )O,: xPbTiO, act=e the mot~hotropic phase
boundesY COMPOeuioea. x=0.27S-0.4. are studied a a ftiond Of tewuPentur. The studies revealled that the true morphotropic
boundasy is in the vicinity of xw 0.3 and it has a small curvatue.

Relaxor ferroelectric lIad magnesium niobate, Sintered disks were Polished and coated with sput-
Pb(Mg113Nb2 3)03 (PMN) has an anomalously tered sold electrodes on both sides. The dielectric
large dielectric constant and a broad diffus phase constant and loss and pyroelectric coefficients were
transition near - 15 C ( 1.2 1. Though the Curie measured Over a temperature range encompasing
temperature or better yet Curie range, of PMN is well the transition temperature for each composition. The
below room temperature it can be shifted upward dielectric Properties were measured as a function of
with PbTiO3 (PT) additions, a normal ordered fer- frequency using an automated systemi.
roelectric compound which hasl a transition at 490e C. The pyroelectric coefficients were measured by the
It has been reported that a morphotropic Phase Byer-Roundy method as the samples were heated at
boundary (MPB) eists in the solid solution system a rate of 40C/min through the Phase transition. Prior
0I -x)PMN-xPT near x=0.4 separating pseudo. to the pyroeleCtric measurements each sample was
cubic (on the PMN-rich side) and teutraoa phases Poled by applying a dc bins of 15 kV/cm while cool-
(on the PT-rich side) [(31. As observted in other sys. ing from well above the transition to a temperature
tems such as PbZrO3-PbTiO3, anomalously lag di. well below.
electric and piezoelectric properties are observed for Fig. I shows the typical plot of the dielectric con.
compositions lying near the morphotropic phas stant at various frequencies (100 Hz- 100 kHz) and
boundary 4 1. This note reports the dielectric and
pyroelectric properties for PMN-PT compositions 0Q
in the vicinity of the MPI and the nature of the Z,. OTPMN Q25PT

boundary. 0 too "I
Ceramic samples (from, the reagent Vade Pow- o001

den) sarm the PMN-PTr morphoiropi phase10 f

boundary were Prepared by using the columbite pm 92o
cursor method as described by Swam and Shrout
[S5 Upon iling the various powder mixtures of

PbMgWb2 .PhO, and TiO2 werecold pru &isdis0k
shape and then sintered at 12500C for 1-2 h in
closed alumina crucibles. PbZjO, powder was added 0
to help control Pb ssichlometry in the samples. .50 1 00

TEMPERATURE (OC)

Visiting Scenems *= n the Ph'su tgmus. Dekook PIrs. 1. K vemi Tao variou fequencie foe conipontiom0.775
University. 00-AN KOMw PMN: 0.225 PT.

0167-577x/89/3 03.30 0 Elsevier Sciec Publishers BYV. 253
(North-HoLland Physics Publishing Division)
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as a function of temperature for a composition 0. 775 21,
PMN: 0.225 PT. of

The dielectric constant versus temperature data .

depict the typical relaxor behavior of this composi.
tion. When the samples were poled and x varied from 10

0.25 to 0.4, the dielectric behavior on various sam.
pies showed a slight increase in the T. and the sys-
tematic increasing trend in the magnitude of the di-

electric peak in various composition ceramics (fig. i S
2).

On poling the compositions x=0.275, 0.3, 0.325 A

show two maxima (not observed for the unpoled I. I I I__ _ _ _ _ _ \,
samples) in the dielectric constant versus tempera, . -100 0 100 200 300
ture measurements on these samples. Such anoma- TEMPERATUR ({C)
lies could represent a second phase transition and
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-- (I-zIPMN. tPT UI 07Pm .P
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Fig. 2. (a) Dielect cbehaviorof(l- )gM. 0Tcsnmmaa 10 0oo 0 30
I kHz memwwl hfmacyand ma Ameam 4e'mpuam,. (b) TEMPERAUR (OCl
Diectric behavi o(poled (I-x)PMe-xpT cueml as Ik
messunng frqmncy as a hacto of mpmum Samles were
poled by applying IS kV/ca field while coofing down tsrough Fig. 3. Pyroe4ecu coefficient vetns temperawtre measurements
the Phase tramtion. for the Comwuift am the MPS.
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300 1 . . It is evident that the two transitions represent cu-
PMt4- PT bic-tetragonal-rhombohedral (pseudo-cubic) re-

0 UNPLIEDspectively near the MPB compositions. The corn-
* 2oo positions with x> 0.35 show the characteristics of a

normal single-phase ferroelectric material.
4 Since the nature of K versus T and p versus T men.

(100- surements are also dependent on the quality of the
3 ceramics. dopants, grain size, and other processing

parameters, further studies of these factors in rein-
0 Putoo-usiction to the nature of MPB are in progress.

Thus the studies revealed that the morphotropic
______oo_______ phase boundary in the (I - x) PMN : xPT system is

o at 0.2 as 0.4 0.5 in the vicinity of x~t0.3 and it has a small curvature
MOLE (a) PT and as a result the compositions near the MPB show

Fig. 4. Phase dia~am of Pb(Mg113Nb,)O 1-PbTiOj system, two phase transitions, rhombohedrai-tetragonal
-cubic, when the samples are heated up to the higher

therefore pyroelectric measurements were done on temperature.
these samples. The pyroelectric coefficient versus
temperature measurements showed anomalies in the Rfru
same temperature range as observed in the K versus
T plots. Thus both the dielectric and pyroelectric data It I G.A. Smolenskii and A.l. Apanovskaya. Soviet Phys. Tech.
(fig. 3) indicated the presence of a second phase Phys. 3 ( 19 5 9) 1380.
transition in the compositions in the morphotropic (21 G.A. Smoleuskii. V.A. Isupov. A.!. Apranovskaya and S. N

phae ouday.The possible transition can be ex- 31Popov. Soviet Phys. Solid State 2 1 1961 ) 2584.
phase~~3 budr.W. Wersiq,. Ferroelectrics 7 (19741 163.

plained by the presence of a small curvature closer (41 B. Jaffe. W.R. Cook and H. Jaffe. Piezoelectric ceramics
to the morphotropic boundary as shown in fig. 4. It (Academic Press. New York, 197 1).$
is clear that the morphotropic: boundary has some [51 S.L. Swart and T.R. Shrout. Mater. Res. Bull. 17 119821

curvature at composition around 0.7 PMN :0.3 PT. 1245.
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DIELECTRIC AND PIEZOELECTRIC PROPERTIES
OF LANTHANUM-MODIFIED LEAD MAGNESIUM

NIOBIUM-LEAD TITANATE CERAMICS

N. KIM. W. HUEBNER. S.-J. JANG and T. R. SHROUT
Materials Research Laboratory. The Pennsylvania State University. University

Park, PA. 16802

(Recewed August 29. 1988)

Dielectric and piezoelectric properties of relaxor ferroelectrcs in the solid woiution. tormulated
(I -xJ(Pb, ., .La,)(Mg, Nb:,) -r PbTiO,. have been investigated.

The dielectric properties show typical first order ferroelectmc behavior for PT a 35% and relaxor
type below being indicative of the morphotropic phase boundary. Lanthanum doping resulted in re-
duction of grain size and shifting of the 1, (Curie Temperature) -25 'C/mole%- downward in PIN-
PT polycrystalline ceramics. The optimum value of piezoelectric constant. d,. obtained was 560 pC N
for compositions near the morphotropic phase boundary.

Based on this investigation. La doped PMN-PT compositions appear to be promising candidates. for
fine grain size piezoelectrics. pyroelectric bolometers. and through hot pressing or hot isostatic pressing.
for electro-optic applications.

INTRODUCTION

Perovskite lead magnesium niobate {Pb(Mg/ 3Nb213)O3, hereafter designated PMN}
was first synthesized by soviet workers in the late 1950's. I The dielectric properties
of PMN have been widely investigated in both the single crystalz-3 and polycrvs-
talline ceramic forms. 1.1-5 The main feature of the dielectric properties of PMN is
a broad maximum of the dielectric constant at the transition temperature. The
magnitude of this maximum decreases and the temperature of this maximum in-
creases with increasing frequency. A corresponding frequency dispersion of the
dissipation factor was also observed, but at a temperature range lower than that
of the dielectric constant maxima. This behavior is typical of what are now com-
monly referred to as relaxor ferroelectrics. - PMN's disordered diffuse phase
transition, from a cubic paraelectric to a rhombohedra ferroelectric phase. occurs
near - 15°C.8 Perovskite PbTiO3 (hereafter designated PT) is a normal ferroelectric
material having a transition from a cubic paraelectric to tetragonal ferroelectric
phase near 490"C. Compositions in the PMN-PT solid solution exhibit a morpho-
tropic phase boundary, MPB. between a rhombohedral phase and tetragonal phase
about 30-35 mole % PT." The dielectric and piezoelectric constants for materials
near MPB, as expected. are anomalously high, making the PMN and PMN-based
materials ideal candidates for electrostrictive strain applications,'-15 electro-optic
application3 . 0 and dielectric/pyroelectric bolometers.10

In the present work. polycrystalline ceramics in the PMN-PT system were pre-
pared by doping with lanthanum. As found in lead zironate titanate (PZT) ce-
ramics.U La addition to PMN has been shown to promote densification and through

[3411/1137
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hot uniaxial pressing, optically transparent materials have been achieved, allowing
the determination of various optic and electro optic properties. 16 Our work in
progress has also shown that similar densities to that of hot uniaxial pressing can
be achieved by hot isostatic pressing.' 7 Lanthanum additions to PMN have also
been found to inhibit grain growth and thus compositions near the morphotropic
phase boundary should result in fine grain materials with properties only achievable
in conventional piezoelectric materials. In addition to the above. La additions
further allow the flexibility in adjusting the Curie temperature without significantly
effecting the order/disorder phenomenon or dielectric temperature behavior, thus
making them promising candidates for dielectric/pyroelectric bolometers.

It is the purpose of this work to report the dielectric and piezoelectric properties
of a wide range of lanthanum doped PMN-PT solid solutions.

EXPERIMENTAL PROCEDURE

Polycrystalline ceramic samples along the (1-x)Pb(l-3/2y) (Mg, 3Nb.. 3)-xPb-
TiO3 _yLa. as shown in Table I, were prepared by solid state reaction using the
appropriate amount of reagent grade raw materials of lead carbonate PbCO 3.t
magnesium carbonate MgCO 3,: titanium dioxide TiO2 .§ niobium pentoxide Nb:O5 .'l
and lanthanum oxide La 20 3.1

Since it is well known that the formation of perovskite PMN is difficult to fabricate
without the appearance of a parasitic pyrochlore phase (Pb3NbO 13 ). the columbite
precursor method by Swartz and Shrout was used. 1"" 1 In the first stage a precursor
columbite phase. MgNb 2O6, was prepared by mixing MgO and NbO 3 in stoichi-
ometric ratio and calcining. In the second stage, the precursor was mixed in stoi-
chiometric ratios with PbO, TiO2 and La20 3. An excess of 0.5 weight percent PbO
was added to compensate for PbO volatility during calcining and sintering. In
processing the columbite precursor, the poor dispersion characteristics of MgO
power can lead to insufficient mixing intimacy and thus incompletely reacted cal-
cined power. To insure proper mixing, both steric hinderance (polyelectrolyte
dispersant) an electrostatic repulsion (pH adjustment by ammonia) dispersion
mechanisms were required to prepare a 25 vol. % slurry with deionized H0.11
The slurry was vibratory milled, followed by drying and calcination at 11000C for
4 hours. The calcined slug was pulverized using a hammermill and the appropriate
amounts of PbO, TiO2 , La 20 3 were added. A 30 vol. % slurry was prepared and
vibratory milled followed by drying and calcination at 700"C for 4 hours. Both the
columbite and subsequent PMN-PT-La calcined powders were examined by X-ray
diffraction to insure phase purity. Less than 1% pyrochlore phase (compared to
perovskite phase) was observed. To obtain yet a more uniform and reactive powder.
the calcined PMN-PT-La powder was milled again as above.

-Hammond Lead Products. Inc.. White Lead Grade HLPA (99%)
'Fisher Scientific Co.. Magnesium Ciarbonate Purified Grade
4Fansteel Metals. Nb:O, Tech. Grade (99.5%)
HWhittk'. Clark and Daniels. TiO., Grade (99%)
'Alfa Products Co.. Lanthanum Oxide Grade (99.9%)
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Discs were prepared using Polyvinyl alcohol (PVA) binder followed by burnout
prior to sintering. Pellets of 16 mm in diameter and 2-3 mm thick were pressed
at 10 Mpa. The binder was burned out by a slow heating process at 3000C for 90
minutes and at 500*C for 90 minutes consequently.

Compositions with x = 0, 0.07, 0.20, 0.25, 0.30, 0.35. 0.40 and y = 0.01 were
sintered at I I00*C for 4 hours and 1200*C for 4 hours. Pellets were placed on
platinum foil in an enclosed alumina crucible. To further reduce PbO volatility.
sintering was performed in a lead rich atmosphere by placing a small amount of
an equimolar mixture powder of PbO and ZrO2 in a crucible. A heating rate of
900*C per hour was used to further help prevent PbO loss.

Weight loss. geometrical density and grain size were determined for all the various
compositions and firings. Powder X-ray diffraction patterns of calcined and sintered
powders were analyzed to determine the lattice parameters, appropriate structure.
theoretical density and the presence of pyrochlore. The grain size was determined
on fracture surfaces monitored by SEM.

In preparation for dielectric and piezoelectric measurements, sample discs were
polished flat and parallel and electroded using sputtered on gold. An air drying
silver paste was also applied to insure good electrical contact. The dielectric meas-
urements were carried out on an automated system in which a temperature control
box (Model 2300. Delta Design. Inc.) and LCR meter, (Model 4274A and Model
4275A LCR meter, Hewlett-Packard, Inc.). Both the dielectric constant and dis-
sipation factor of unpoled samples were measured pseudo-continuously at various
frequencies (0.1, 1, 10. and 100 kHz) as the samples were heated from - 50°C to
220*C at a rate 2 to 4 degrees per minute. The dielectric measurements of poled
samples were also carried out to see if any rhombohedral to tetragonal phase
transition occurs near the MPB as observed in the undoped PMN-PT system. For
ferroelectrics with diffused phase transitions. the law, 1/K - (T - T,)', is found
instead of the normal Curie-Weiss Law, 5'2° from which the level of diffuseness (8)
of the phase transition was obtained.

TABLE !
Physical and dielectric properties of PMN-PT-La ceramics

Composition Firnng p (S/cc) Grain (pin)" K._ (Ca 100 Hz) T, ('C) 6 ('C)

PMN-OILA 1 1009C 4 hrs. 7.81 2.0 8500 -33 62
1200*C 4 hs. 7.82 3.2 9700 -36 57

PMN-O7PT-OILA I1000C 4 hrs. 7.79 1.2 12000 -3 51
120(C 4 hrs. 7.80 2.4 16300 -6 43

PMN-20PT-0ILA I0 C 4 hrs. 7.80 0.7 15000 96 37
1200'C 4 hs. 7.81 1.6 25500 92 29

PMN.25r-TOILA I I00C 4 han. 7.82 0.7 14800 119 37
I2 0C 4 hrs. 784 1.5 26600 115 28

PMN-30FT-0ILA I I}C 4 hns. 7.77 0.7 10800 145 40
1200C 4 hrs. 780 1.7 23600 139 28

PMN-35PT-OILA 1100C 4 hrs. 7.70 0.7 9300 162 -
1200C 4 brs. 7.81 1.8 23200 153 -

PMN-4O0PT-ILA 1100C 4 hrn. 7.82 0.6 9100 215 -
1200C 4 hrs. 785 1.6 12800 195 -

•intergrrnlar fracture surface
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FIGURE I latce parameters as a function at composition.

In the case of piezoelectric measurements. poling was performed on selected
samples by cooling from above the transition temperature in a stirred oil bath to
room temperature in air with an applied field of 25 kv/cm. The piezoelectric coef-
ficent. d,.. was measured on a Berlincourt d33-meter (Model CPDT 3000. Channel
Products. Inc.)

RESULTS AND DISSCUSION

Lamce parameter. density and grain size

As determined by XRD. less than 1% pyrochlore phase was detected for the various
compositions. Also observed by slow scan XRD. splitting of the pseudo-cubic

'am.

FIGURE 2 SEM photomucrographs of fractured surfaces of PMN-based samples fired I IUXC. 4 hm
(ltft-PMN.; nght-La doped PIN),
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(rhombohedral) phase peak occurred in the 35 and 40 mole % PT compositions.
as indicated in Figure 1; the plot of lattice parameters versus composition. This is
evidence that the MPB between the rhombohedral and tetragonal phases lies be-
tween 30% and 35% PT. being similar to that observed by Choi et al. in the undoped
PMN-PT system.I

Physical and dielectric properties for selected PMN. !VT.La samples are reported
in Table 1. As tabulated, the resulted densities were g:eater than 95% theoretical.
being 8.15 g/cc for PMN-OILa. Also reported in Table 1. La inhibited grain growth
as expected. A narrow range in grain sizes (- .5 am to 3 Aam) was found for all
the various composition and firings. It is clearly evident that La-doped polycrys-
talline ceramics have smaller grain sizes than undoped polycrystalline ceramics."
Typical SEM photomicrographs of fractured surfaces are shown in Figure 2. As
observed, grain sizes were reduced 5 Iim to 2.4 Mm for PMN and PMN-La. re-
spectively.

Dielectric and piezoelectric properties

As shown in Figure 3, plots of the dielectric constant and loss as a function of
temperature and frequency for compositions less than 35 mole % were characteristic
of relaxor ferroelectrics with broad dielectric maximas. Also characteristic of re-
laxors, the dielectric maxima decreased and the peak transition temperature shifted
upward with increasing frequency. The maximum of dielectric constant was also
found to increase with increasing PT until 30 mole % PT at which above decreased,
with the behavior becoming sharp and more normal or "ordered" ferroelectric
like. No evidence of a rhombohedral to tetragonal phase transition in the K vs. T

30000

C. to .N
Of IMI bwe4

20000

U2: PMN-OPT-GILe

I-

-60 65230
TEMP c *

FIGURE3 Dkietric-cont" Ka vanous frequencsvs. temprture fo PMN-PT-La compostions
satme- at 120004 bou-n.
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FIGURE 4 Phase diagram for PMN-PT (Choi et a. Reference 11) and PMN-PT.La systems showing
morphotropic phase boundaries (MPB).

plots of poled compositions near the MPB was observed as was found in the
undoped PMN-PT system by Choi. inferring a less curved morphotrophic bound-
ary. as shown in Figure 4.

Presented in Table I and shown in Figure 3. the level of K,,,. was not only
dependent on the amount of PT. but on the firing condition as well. With increased
firing temperature and subsequent grain growth. Kn. was found to be significantly
increased. The grain size dependence of K is believed to be similar to that observed
in undoped PMN-PT13 and PLZT.-- being the result of compositional gradients
near the grain boundary resulting in regions highly stressed and disordered affecting
the thermal orientation of polar micro-regions and thus a reduction in dielectric
constant. Evidence of this model is depicted in Figure 5a. where near the grain
boundary a large concentration of non-stoichiometric ordering of Mg:Nb cations
(white regions) is observed. The F-spot superlattice. shown on Figure 5b. indicates
the 1:1 Mg:Nb ordering.2 '

Variations in the level of K and shape of K vs. T curves, can also be directly
related to the diffuseness coefficient, 8 in Table I. which for relaxors reflects the
level of disorder in terms of the broadness of the Curie maxima. Obviously no
diffuseness coefficients were reported the 35 and 40 mole % PT compositions.
since their K vs. T behavior reflected nearly "normal" ferroelectric behavior. As
reported for many relaxors, the b coefficient correlates well with the level of Kn 3.
yet for given values of undoped PMN-PT. the values for La-doped PMN-PT are
much smaller for equivalent K..'s, inferring that La additions result in a reduction
in K. while increasing the degree of ordering. It has been found in PMN-PT. that
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0.2pm

FIGURE 5a TEM analysis of PMN:La with white regions indicating non-stoichiometnc ordenng of
Mg:Nb cations. Larger white region is near the gram boundary.

FIGURE 5b F-spot superattice indicating 1:1 Mg:Nb ordering.

the degree of dielectric ordering can be varied through thermal annealing resulting
in virtually no grain size dependency. Annealing studies have yet to be performed
to determine whether or not the very fine grain samples can exhibit equivalent Ks.
to that of large grain size samples.

Another effect of La doping was to shift the T, downward, approximately 25 0C/
mole %, being reported in Table I and shown in Figure 6. where 1. 3 and 5 mole
% additions of La was made to PMN-35% FT composition. Though the T shifts
continuously downward, the general shape of the "normal- type ferroelectric be-
havior and level of K., is nearly maintained. It is felt that such materials will be
promising candidates for dielectric/pyroelectric bolometers. providing the needed
high dielectric constants and large field induced pyroelectric coefficients required
for thermal IR detectors, as discussed in Reference.10
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FIGU'RE A Dielectric constant K at various frequencies vs. temperature with increasing j in the
PMN-35PT svstem uantered 1200'C .1 hours.

The values of the piezoelectric coefficient (d33) for selected samples are reported
in Table HI. Compositions near the MPB showed maximas in the piezoelectric
properties. with d33 > 500 pC/N. being slightly improved with annealing. Work is
still ongoing to optimize firing and annealing conditions to further improve the
piezoelectric properties.

SUMMARY

1. The addition of La'O, to the PMN-PT relaxor ferroelectric svstem was found
to promote densification and inhibit grain growth.

2. The effect of La-doping on the dielectric properties was to shit the T, do%, n-
ward about 25'Cmole 1-. In addition the dielectric properties were strons!k de-
pendent on grain size. In contrast. La-doping resulted in slightly reduced K nd
more dielectric ordering.

TABLE 11
Piezoelectri onstant PMN-PT-La ceramic

Composition Pt £t'ulkitric Constant. d,, ( x1 :C N

I Ii1(iC .4 his 12U114C .4 his Annealed'

PMN-:OPT- I LA -I1 -11 4111~ - W8 3Itf - .420
P%IN-2S5PT4OILA ill; 2M .4) - 1402 .430 - ;Iu0
P.%N.J0P'T-OLLA :1'f - .;li) .1N) 310 41,4 - 4N)l

PMN..uIPT.5ILA 211H' .120 210 - 240 2(1(1 - '3,4N

hour, s nnrdh llwins -inwng at I2fK)C ,4 hours.
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3. The position of the morphotropic phase boundary in PMN-PT appeared not
to be effected by the addition of La2O3. No evidence of a rhombohedral to tetrag-
onal phase transition was observed near MPB.

4. Further additions of La2O03 could be used to dramatically shift the Tc down-
ward without significantly changing the dielectric behavior.

5. Piezoelectric d33 coefficients > 560 pc/N for compositions near MPB were
obtained. Current annealing studies have demonstrated the potential of fine grain
materials possessing large piezoelectric activity.

All in all. La-doped PMN-P T type materials appear to be promising candidates
for high K dielectrics. fine grain piezoelectrics, dielectric/pyroelectric boiometers
and with hot uniaxial pressing suitable for electro-optic applications.

FUTURE AND ONGOING WORK

1. Preliminary work has demonstrated that transparent materials suitable for
optical evaluation can be achieved by hot isostatic pressing without the restrictions
of a pressure vessel (raws, die, sands etc.) required in hot uniaxial pressing.

2. Compositional tuning near the MPB to achieve optimal fine grain piezoelectric
material.

3. Pyroelectric property measurements of selected compositions for potential
pyroelectric/bolometers.
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DIeleotle Bkhavlor of the Relaxor Pb(Mg13Nb,4)03-PbTiO3
SoIld-Soluflon Systemn In the Miorowave Regi1on

Michael T Lanagan.- Ning Yang, Dinesh C. Dube,' and Se~-oo Jang
MotwIds 1OSearvh Labraoxy, The PWVWOsVanl State Univeity. UiWWsl Park. PerNnslaia 16802

Dielectric behavior of the relaxor avantage of relatively low processing where~ 1u(K, -K')" and y (K -e,-
ferwoetric Pb(Mg,;,Nb,,)O,-PbTiOj temperatures. which are compatible with (KOY' - In Eq. (1). y,, and -t are the
solid-solution system was studied the sintering requiremrents of other maue- propagation constants of an air-filled and
from -50' to 200T in the 100 to nasa in packaging devices.' One of the dielectric-filled wavegwide. respectively.
12 x 10 " Hz frequency region. and best-known materials in the lead-based K, is the cutoff wave number~ and KO is the
a broad dielectric relaxati .on was melaor fam'ily is Pb(M~irnfbv)0Oi"* The free-space wave number. Equation (1) has
measured for compositions through- lead magnesium niobate-lead titanate a Cisenvalue solution. and a prior estmat

9 solid solution (herein designated PMN-PT) of dielectric constant was conducted using
out the system. The relative micro- has several interesting compositional a frequency difference technique." The
wave permittivity of the composition modifications.? and the low-frequency maximum standard deviation for dielectric
O.9Pb(Mg, 3 Nb213)O,*0. lPbTiO, de- dielectric properties have been studied constant and loss (201 measurements) at
creased by I order of magnitude from previously.' rom temperature was 16% for all of the
the I-MHz value of 11 80. and simia- EP~A~A m msmls esrdi h -a

lar leceass wre oseredfr oherThe analytical procedure mentioned
con~vpsidons in t rssem. Dielectric Peoskf soi oita fPNP previously could rat be extended to dielec-
loss (tan 8) values ranged from OJ to were prepared by a in'edoide f t mm Vic me asnn a function of temperature

.o ~ . m~tem- reagent.gde PbCO. M90, Nb2O9, and becaus of the large scamte in permittivity1.0 t mrowae fequncy.Therem Ti~. Pecacinaionof gO ad Nj~j data which wsexhibited bythis technique.perature of the broad dielecrtic con- was required to avoid pyrochiore formation The tetmperature change caused a geo-
stains Maximum shifts toward higher in die final product.' TIe absence Of PYr0- metrical vatiation in the waveguide. which
values with increased frequency. chlore pas fouiation wa Mfn by severely limited the accuracy of the Si
[Key words: titanats, lead. dielectric Powder X-ray difrction (XRD). Ceramic measurement. Dtelectric measurement as
properdies microwaves. temperature.) specimens were sintered at about I l00C a function of temperature was conducted

to tme thall 95% Of theoretka deuity. Using adoining quarterwave maching plates
WWuOMLW"W-cCOMT materias n t Dielectric properties were measured of Teflon** on both sides of the sample inHr1hedo frequency and microwave fm- trough a broad frequency range from the waveguide. A similar procedure was

quncy ime am requilrthe grwn 100 Hz to 10 GHz. An automated bridge' utilized in the system BaSr_,TiO3."3 and
needs of advanced microwave integrae with a teniperatm controller' was used to it had die advantage of requiring only the
circuits an high-spleed coptbmlss measure the dieleciric - -mnt ihn 10 z Sit measurfement to obtain the dielectric con-

aeotofhigh- to I MHz. Dielectric measurments in die stam. The use of qUM ave plates negate
dieecriccostat ateias wllassist microwave region were measured previ- the swept frequency advantage of the

in materials selectiona for decouplisg ca- ously for lead zirconate and madie, which transmision method discussed previously.
pacius ad electromagnetic inteec 'ma~ "~i The network analyzer was first Cali-
filters that have oprtme frqece loae Tes atril hvedelcti brated using a standard X-band calibration
approaching I GHz.""2 Perovskite ere- costant di n sover an order of mqimi. kit." The eire assembly was placed in a
electric relaxors have atrated a cosier bde lower than in die PMN-PT System. tempriur clsaner (controlled to I 1C).
able amounat of attention b Ofue The measurement procedure for high- Phian and attenuation of Sit were recorded
large dielectric constants aad electro- dielectric-constant materials is similar, at 10 0Hz for each temperature, and the
strictive strains. These mate*lai have an although die equations for determining the dielectric paramters were calculated for a

permittivity from microwave transmission sample of thickness 1.
parameters ame different.

Microwave dielectric measurements
COmiahi.1Th to=-D. I. Skotmn.D wene conduclad by a trasissio Odi elmiit. S5, -exp(yI) (2)

~4mupi M. i274 agmiMimS IThS spee ime where secin to oX-b
N.1Z. aw mmb Ih s 9' pliy Weciens ee mcin to on -

sele Mnme - rectangular waveguide. Scattering parsng Equaio (2) is solved for y. fom which the
Amane900 A1111bm. .~ a .M a, 0 018 zta in reflection and transmission. Sit and dielectric properties are calculated.1' The

tIU (OelalinI Div a. lpigw Me. 1194-01). Sl,, repetvely, fronm die dielectric loaded measurement erro between Sn measure-
*Cilim m. A apm C M o.~..L. waveguide were measured by a network memt at separate temperatures was dete-

Ma mi W M anayWrM xper ieta details have been mned from uncertainty in the phase and
0bas ftU do humR 1118111111 G( Tui- dsuedelsewhers.'O and the following mapnidae of die network analyzer and was

%ft 4pA~ od 42M5 LCU mo% hwis. expression has been given for the complex c~uae o ilcrccmin n ost
FWDAI. A.perrmittivity, 4,. in terms Of Sit and S21,:" be 2% and IIS. respectively. Air gap be-

SWANh1111 @wad dauow . DdLtWeen the quarterwave Plate and sample
LL /B Pam (b Nii a s, b..W have a dekaetmu efflict on the meanume

19" 101 70 . myNkwe C orp. (I _ S1 S__ _ Is) m accuracy. because of the unaccounted
7,1N CA.n..~ reflection a 11111 Teflon-PII interface.
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Table 1. X-Band Dielectric Properties Determined for Various REsU;LTs AND DiscussioN
Compositions at Room Tempeature in the present study. five composi-

MWAnd' Discui consum Dw.luut au tions were selected in the xPMN-(I -xIPT
0.9 PMN-0. I PT 1190 1.0 system. in which x-00. 0.9. 0.8. 0.7.
0.8 PMN-0.2 PT 620 0.7 and 0.6. Dielectric constant and lost were
0.7 PN*0.3 PT 530 0.8 calculated from measured$S parameters
0.6 PMN-0.4 PT 620 0.7 using Eq. (1). Aflat dielectic response in

the S. to 12-GHt region was observed at
room temrperature for all compositions. and
the average dielectric constant and loss
values are shown in Table 1.

20000__________12__ The dielectric properties of 0.9PMN-
200w * .IPT calculated from Eq. (1) ame shown

10 in Fig. 1. A Iarg relaxatioin was observed
at low frequency and continued into the

0~ - .e microwave range. The dielectric constant
decreased by over I order of magnitude

1000o0 0.6 and the loss Increased by afactor of 6as

.4frequency was increased from I ~zt
0.2 for other compositions in the PMN-PT

!9 0.2solid-solution system.
a < Permittivity as a function of tempera-

0 . 0.0 ture and frequency for various composi-
0 2 4 6 1 10 12 tions is shoninFigs. 2-6. Tmicrowave

L02 F1114,0 dielectric constant was calculated from
Eq. (2). A rapid decrease in the dielectric

Fig. I. Dielectrc Io~n of .9PMN*0. IPT ma factio f imqom. constant as a function of frequency and a
cot spoding increaise in the dielectric toas
were observed. The decrease in dielectric
constanitbecanm -mm dramatic as dhm mall-
mum temperature was approached. These

15000 experimental observations agree qualita-
tively with Khuchu's work on PMIN. 's As

1.fto0"a is characostic with all ferroelectit telaxo2. t'K14
3. 1 10 (lma materials, the temperature of dielectric

, 1000 T.. 4. f 10KO constant maxi mum shifts toward higher
10 OG0"I teimase wiIncreasing fiaquency.Th

-3 shille in the microwave Perittivity maxima
3 for pure PN4N and 0. 9PMN -. I1PT are

5000113* and 87*C. respectively, from the
100-kHz value. It is believed that this tran-
siti= occmrs at tempersane geaer than for

15(SO for compostioswihlarger amounts
so 5 100 ISO 200 perature capability of our equipment.

TCMPERATURC 0C The 0.7PMN-0.3PT composition
exhibits a more complicated response at

Fig. 2. Die'eui comma of PMN1 as a hinctiesno( uumua microwave frequency (10 GHz) as a func-
cI=i for selected hauqscies. tion of temperature (Fig. 5). Measure-

20000 1 30000T

2. ~2. f'I
3. 1 a10 KHOO 3. f.10 KHOO3
4. Ita100 KN ~ 3 4. to too NOO

t 1 0 0 0 0 *.4 0 0 zI . -

-100000

sgo 0 Tge:~~~~ so20OO go0o0 o 0 S i

of UU w f ied hIn i. oftma for zels Otiesaunel.
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Fig. 6. Dielectrc constaM of 0.6PMNO0.4PT as a function
Fig. 5 Dielectice constant of 0.7PN0.3PT as a function of Of temperatluft for selected freqluenies.
tempenhaure: for selected frequencies; 10-GHz data ame plotted on an
expanded scale for Clancty.
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Microwave investiations of ferroelectric materials pose special problem because of their dielectr
parameters. Special techniques am therefore required. A few techniques suitable for ferroelectric
materials have been described. Typical results obtained from them are presented and discussed.

INTRODUCTION

Dielectric studies of ferroelectrics in the microwave region are important in view
of possible applications of these materials in microwave circuits and devices. High
frequency investigations not only support low frequency measurements but give
additional information in many cases regarding polarization processes and
associated loss mechanisms. The importance of high frequency measurements is
further enhanced by the fact that a lot of experimental data is needed before a
theory is developed to correctly explain and predict the microwave behavior of
the ferroelectrics.

The high frequency dispersion of the dielectric constant in displacement type
and ordered and disordered type ferroelectrics has been discussed by Smolenskii
etal.' They have discussed the behavior of Barium Titanate and Triglycine
Sulphate as protypes of the two types of ferroelectrics. The dielectric behavior of
diffused phase ferroelectrics at microwave frequencies show some interesting
features.2 4 The dielectric constant at microwave fields decreases by an order of
magnitude while the loss tangent increases by more than one order as compared
to their low frequency values. In relaxor ferroelectrics like PMN-PT (lead
magnetium niobate-lead titanate), the frequency response in 8-12 gigahertz
(GHz) range is flat and the peak in e' versus temperature shifts towards higher
temperature as the frequency increases. These findings call for more work at
microwave frequencies.

High frequency experimental studies pose some problems. 3"5 They may be due
to the requirement of precise sample geometry in some cases and in others these
may be the result of the often encountered typical combinations of dielectric
parameters. Thus the use of special techniques becomes necessary. The purpose
of this paper is to discuss some of the promising experimental methods and report
the results by usmg them.
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FIGURE I Sectional view of the specimen in position in the waveguide.

MEASUREMENT TECHNIQUES

The choice of measurement technique for the study of ferroelectrics in the
microwave region is often decided by the magnitude of the dielectric parameters
of the specimen. This is contrary to the practice at low frequencies wherein a
single technique proves sufficient for a wide range of parameters.

Ferroelectrics having a low dielectric constant and moderate losses such as TGS
and polymer like PVDF can be conveniently measured at microwave frequencies
using inhomogeneously filled waveguide technique."7 This measurement method
is also suitable for studying ferroelectric films.

In this technique the specimen in the form of a thin sheet/wafer or film
deposites on a substrate' is placed longitudinally at the centre of rectangular
waveguide (Figure 1). The complex dielectric constant is calculated from the
measured phase and attenuation introduced by the specimen. These quantities
can be measured by adopting one of the experimental arrangements 67 depending
on the availability of microwave equipment. A simple convenient design for
sample holder wave guide is also available

Based on the geometry shown in Figure I the expressions for the dielectric
constant (e') and loss factor (e") are

C' -L0 -a aja2 + a2a4.

ko a3+a4 td)

ko\ a +a,, r

and the loss tangent,
tan 6.--

where ko - w(poeo)w is the free space wave number (wi being the angular
frequency of measurement), and

a, - d Re (kj - PI)l

a2 - d Im (ki - r2)2

2 sin 2a,
a3 W exp(2a2) + exp(-2a 2) + 2 cos 2a,
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FIGURE 2 Specimen placed between Teflon quarter wave plates in rectanguar waveguade.

exp(2a 2) - exp( - 2a2)
exp(2a2) + exp( - 2a2) + 2 cos 2a,

and

where iP,++o (radiansm-')

= phase shift produced by the unit length of the specimen,

2X
P0 L where Ag is the guide wavelength in the empty guide,

Ag

attenuation (in db)
length of specimen x 8.686

t= thickness of specimen, and

d = (1/2) * (a - t), 'a' being the width of the waveguide (Figure 1)

In the above expressions, r(= + jP) is complex propagation constant.
Diffused phase ferroelectrics exhibit dielectric constant of several hundred and

varied losses in the microwave region. Such high permittivity materials when
placed in a waveguide for measurement transmit insufficient microwave signal for
generating accurate reproducible data. The transmission in such cases can be
enhanced by the uses of quarter wave plates on either side of the specimen in the
waveguide as shown in Figure 2.

Recently different compositions of PMN-PT were investigated using this
technique.' A small waveguide section containing thin slabs of PMN-PT
(thickness 0.2-2 mm) sandwiched between quarter wave plates of teflon was
attached to a network analysert for measurement. With the quarter wave plates
alone in the guide, the network analyser was first calibrated for reflection and
transmission using standard X-band calibration kit.*

Dielectric constant e' and loss tangent tan 6 were calculated using the following
expressions.

tan 6- \2 - c? + 4x2)/X /

t Hewlmt-Packard 81OT Network Analyser
t Model X700E. Mamry Microwave Corporation, California.



306 D. C. DUBE. S. J. JANG and AMAR BHALLA

where Ao denotes the free space wavelength,

A, is the cutoff wavelength,
measured phase (in degrees) + 2xN, and

sample thickness

measured loss (in db)
- sample thickness x 8.686

Prior knowledge of the dielectric constant is required to choose the appropriate
value of the integer N in Equation for 0 above. Therefore, dielectric constant was
first estimated using a frequency method of measurement. 0

It may be noted that the quarter wave plate is useful only at one frequency and
negates the swept frequency advantage of transmission methods.

RESULTS AND DISCUSSION

Four different compositions of xPMN-(1 - x)PT (where x = 0.9, 0.8, 0.7, 0.6)
were selected for the present microwave studies. Figure 3 shows the room
temperature permittivity and dielectric loss in 0.6PMN-0.4PT and 0.7PMN-
0.3PT in the 8-12 GHz frequency region. These results were obtained from the
frequency difference technique.'° Other compositions of PMN-PT showed similar
behavior. The flat frequency response of PMN-PT is in tune with the true nature
of ferroelectric relaxors.

Figure 4 illustrates the permttivity of 0.9PMN-0.1PT at 10 GHz as a function
of temperature. A broad dielectric maximum at 140C is observed. For
comparison, Figure 4 also contains low frequency data which exhibits less broad
maxima in the vicinity of WOC. These results are significant and suggestive of
dominance of thermally activated processes in these ferroelectrics.

Dielectric maxima were not observed for PMN-PT compositions containing
higher than 10 mole percent of PT because these maxima perhaps lie beyond our
upper temperature limit for measurement, which is 150"C.

3000 .6
In

;2000
.2 u

1000 ssq 0

0 40 ' 4 ' 4
8 9 10 11 12 13

FREOUENCY (GHz)

FIGURE 3 Dieletric properis of tO/40 and 70/30 PMN-PT cermia in the m regmon at
rom amntumtv.



FERROELECTRICS AT MICROWAVE FREQUENCIES 307

20000
...- . a. .-om M I

3. #-t-1 kf

%~ 1. 4 f10 f

10000

.. * i.- 4 \4-

oa:

050 0 50 100 150 200
TEMPERRTURE 6C

FIGURE 4 Temperature dependance of the daiectric pernittivity of 0.9 PMN-0. IPT ceramic at
microwave (10GHz) ad low frequencies 100 Hz, I Klh. 10 KHz ad 100 KHz.

The dielectric response of 0.7PMN-0.3PT as a function of temperature is more
complex and reveals some interesting features. At 10 GHz, a dielectric peak is
observed around I11OC (Figure 5). This is attributed to the presence of
morphotropic boundary in 0.7PMN-0.3FT system. X-Ray and pyroelectric
studies" also indicate the existence of such a phase boundary. As the tempera-
ture goes down from well above the Curie point 70/30 composition may
experience the phase transition from Cubic to tetragonal and to rhombohedral
structures. Low frequency dielectric studies of this composition also reflect the
possible transition from cubic to tetragonal and tetragonal to rhombohedral phase
changes around 150 and 70C respectively. In this respect the well formed peak
at 110C in the microwave permittivity of 0.7PMN-0.3PT (Figure 5) is unique
and demonstrates the vestality of the technique.

Plots shown in 'Figure 1 were obtained as mentioned earlier by frequency
difference technique. Scatter in experimental data is seen which increased at
higher temperatures. Therefore temperature studies were conducted with quarter
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4. f-l1 Kt"

20000 1 tS * a

I-

. 2500

CK 10000 .
I"at I ooo. **4- "

0 0

-50 0 50 100 150 200

TEMPERRTURE 9C

FIGURE 5 Dkelectri permitlvity of 0.7PMN-0.3PT at microwave (10GHz) and low frequencies.
(awe the diferem scane for microwa data).



303 D. C. DUBE, S. J. JANO and AMAR BHALLA

wave plates but then the investigations were restricted to a single frequency for
obvious reasons.

A perturbation technique was recently developed for the study of low
permittivity materials.' 2 Work is in progress to develop a modified perturbation
technique suitable for wide range of materials including high permittivity
ferroelectrics. This work will be reported separately.

The authors wish to dedicate this paper to Prof. L. E. Cross who has inspired
not only us but scientists all over the world in their endeavour to investigate
ferroelectric materials. One of the authors (DC)) wants to make a special
mention of the support he received from Prof. Cross while working at MRL. His
(DCD) contribution to this paper reflects his indebtedness to Prof. Cross.
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"LEAD BASED Pb(BB2)03 RELAXORS VS BaTiO3 DIELECTRICS FOR
MULTILAYER CAPACITORS"

Thomas R. Shrout aud Joseph P. Dougherty
Materials Researcb Laboratory
The Pennsylvania State University
University Park, PA 16802

ABSTRACT

Historically, BaTi3-based dielectrics have been the material of choice for multilayer
capcirs (MLCs Recey, compositions in the perovskite family having the general
formula Pb(BIB2)O3, known as rulaxor ferroelectrics, have generated considerable inteest.
Their high dielectric constants, broad maxima, low E-field dependncy, and low firing
temperanes as comered to conventional BaTO3-based dkiectrics, them attractive
materials for MLCs owever, the complexities involved in the fabrication of MLCs makes
it difficult to accurately compmre the two families of dielectrics. In order to help in this
comparison, the results from a questionnaire addressing the various issues of MLC
manufacturing was prepaid. The compiled results represent the collective opinion of more
than 40 manufacturiers and researchers tlmiughout the world, icungJaan, Korea, China,
Europe, and the U.S. The status of relaxors and how they "stack up against the well
established BaTm)3 dielectrics are discussed.

INTRODUCTION

Historically, the primary m uilized for C II multilayer capacitors (MLCs) have
been modified BaTiO3 and other various ii ~TGreat strides in the capacitor industry in
the overll reliability, cost and compaciess (F/cm3 ) of MLCs have been made as a result of
the demands put on them by the coiuing miniau io and rapidly growing integrated
circuit technology. The incresed reliability of MLCs has been the result of an enormous
amount of research on understanding the various mirmnsuctural-property relationships as
corrematod m th overall X miiauml pess, including powder processing, thin sheet
foinmc . electrical ting and scremi c, . In addition, novel
fabrication techmiques and automaio have led v vaty increased yields and cost reductions.
Further reduio n cos have come from ways to eliminae the necessity for precious metal
intend eeM-ds)

Decreases in electrode cost have been accomplished by (1) addition of fluxes to reduce the
sintering ,thereby allowing the use of less expensive Ag.Pd alloys; (2) urA9f
non-noble meuls, such as Ni and Cu, whi r a reduc. amosphr during LArnr,',
and (3) lead injection, in which molten lead is impremted into porous layers to act as the
electrods, also known as the fugitive phas process.T5) Though (2) and (3) may result in
subastoa meal cost reductions, their inherently more m ess may result in
reduced yielf and poorer reliability. In addition - 25 min is the minimmum layer thickness
achievable in the fitve phue, lead-injected process being limited by the overall
mechaical imgp.

Reliability is defined as the probability of which a capacitor will perform its specified
funci, wd-r a set of external conditions for a specified period of tnie.

i



To increase the capacitance volumetric efficiency (- K/t 2 ) for a given Electronics Industry
Association's (E.I.A.) specification. e.g., YSV, ZSU, X7R, etc., efforts to maximize the
dielectric constant K and manufacturing processes to reduce the thickness (t) of the active
dielectric layer to significantly less then 25 pm have been made. Thin layers of BaTiO3-based
maerals have been prepared by wet stacking methods with fine powders. However, intrinsic
electrical characteristics of BaTiO3 (a.c. and d.c. electric field effects on loss and K) usually
preclude thin layer capacitors of these materials from meeting present day ElA. standards.

Limitations on achieving high dielecuic constant and thin layers, simulmneulx., in BaTiO3-
based capacitors, has led researoer to focus on othqtypes of families of dielectric materials.
Perovskire feroelectric relaxors is one such family. O)

A chemical class of particular intrst for MLCs are the lead based (PbO) relaxors h d,ving+thj
general forTula 2)0PbB 23 where BI is typically a low valenceation,;.g., '4P(71
Fe , Ni z, and Sc '+ and B2 a high valence cation, e.g., Ti 4, Nb+4 , Ta+ , W
Characteristics of relaxor ferroelectrics that make them attractive candidates for MLCs include:
1) anomalously large dielectric constants (K > 20,000; 2) broad dielectric maximas or diffuse
phase transition, and relatively low firing temperatures that allow the use of low cost Ag:Pd
electrodes. The dielectric behavior for a Pb(Mg /3Nb2/3)O3 CPMN based relaxor is shown in
contrast to a normal ferroelecanc BaTiO3 and i representative high K modified BaTiO3
composition [Fig. 1]. Obvious disadvantages of relaxors, however, for use in MLCs
include their strong dependence of dielectric properties on frequency and high dielectric loss
below the Curie range or Tc. Also. having only a single transition does not allow for the
possibility of dielectric stability over a wide temperatm range necessary for a X7R type
capacitor. Not shown is the E-field dependency. Relaxors have the advantage over BaTiO3-
based dielectrics in their E-field/capscitance percent change (AC/C/E) being significantly
lower.

To date numerous relaxor compMition being proposed for capacitor use are based on a wide
variety of solid solutions comprised of relaxor and normal type ferroelectric perovskite end
members as well as a variety of modifiers. Additional compositions are referred to in
references 7 and 8 (see Table 1). Representative examples and their associated E.I.A.
designation are presented in Table IL

Table I. Commonly Employed Perovskite End Members for Relaxor.Based
MLCs.

Complex Simple
Perovskites +T.('C) "Behavior Perovskites T,('C) Behavior

(PMNI -to Relaxor-FE PbTiOs  490 FE
(FZ4] 140 Relaxor-FE PbZO 230 AF
(PNNI -120 Relaxor-FE BaTiO 130 FE
(PFNI 110 Narmal-FE SrT4% - Paa
[PFiI -95 Relaxor-FE
(PMW 38 AF
N PW] 17 AF

*Tramnsition ramperanmes for miaxos sm averq or at I kHz.
"FE-Farvoatecuic, AF-Antifarroelectic. Para-Parselecmrc.

CPMNI: Pb(Mglj3Nb 2f3)O3  [PFW: Pb(Fe2J3WI/)O3
[PZN]: Pb(Znl/3Nb23)O 3  PMWI: Pb(Mgl/WjO 3
(PNNI: Pb(Nilt 3Nbf)O 3  aPNW]: Pb(NilflWl/2)3
(PFNI: Pb(FeIANblz)0

-The term "relaxor" is used herein to desipate all PbO-based complex perovskites though
many may not exhibit the strong dielectric frequency dispersion characteristic of relaxor
ferroelecics. As such, these materials, e.g., Pb(Felj2Nbl/2)O3, show dielectc and related
behavior more similar to BaTiO3-besed dielecisa



Table II. Compositional Families for Relaxor-Based MLCs

EIA Temp Manufacturer
Composition Specification (Assignee) Patents and Refs.

PLZT-Ag X7R Sprague U.S. Pat. 4,027,209 (1973) Ref. 9
PMW-PT-ST X7R DuPont U.S. Pa. 4,048,546 (1973)
PFN-PFW Y5V NEC U.S. Pat. 4,078.938 (1978)
PFN-PFW-PZN Y5V NEC U.S. Pat. 4.236,928 (1980)
PFN-PMT - TDK U.S. Pat. 4.216,103 (1980)
PMN-.PT Y5v TDK U.S. Pat. 4.265,668 (1981)
PMN-PFN Y.5V TDK U.S. Pat. 4,216,102 (1980)
PMN-PFN-PMW YSV TDK U.S. Pat. 4,287,075 (1981)
PFW-PZ ZSU TDK U.S. Pat. 4.235,635 (1980)
PFW-PT-MN ZSU Hiachi U.S. Pat. 4,308,571 (1981)
PMN-PZN-Fr ZSU Murala U.S. Pat. 4,339,544 (1982)
PFN-PFW-PbGe (MSC) X7R Ref. 10
PFN-PFM-PNN ZSU, YSV Fero U.S. Pat. 4.379,319 (1983)
PMW-F.PNN ZSU NEC U.S. Pat. 4,450,240 (1984) Ref 11
PFN-BaCa(CuW)-PFW YSV Toshiba U.S. Pa. 4,544,644 (1985) Ref 12
PMN-PZN ZSU STL U.K. Pat. 2,127,187A (1984)
PMN-PFN-PT ZSU STL U.K. PaL. 2,126.575 (1984)
PMN-PZN-PFN ZSU Marshhica Japan Paz. 59-107959 (1984)
PMN-PFW-PT - Matsushita Japan Pat. 59-203759 (1984)
PNN-PFN-PFW YSV Matsushita Japan Paz. 59-111201 (1984)
PZN-PT-ST - Toshiba Ref. 13
PMN-PFN-PbGe ZSU Union Carbide U.S. Pat. 4,550,088 (1985)
PFN-PNN YSV Ref. 14
PFW-PFN (MSC) NTr Refs. 15-17
PMN-PT-PNW ZSU Matsushitz Ref. 18
PMW-PT-Z X7R NEC Ref. 19
PZN-PMN-FT-BT-ST ZSU Toshiba Japan Pat. 61-155245 (1986)
PZN-PT-BT-ST X7R Toshiba Japan Pat. 61.250904 (1986)
PZN-PMN-BT YSU, YSS Toshiba Ref. 20
PMN-PLZT Z.U MMC U.S. Paz. 4,716,134 (1987)
PMN-CT, ST. BT ZSU Matsushita Japean Pat. 62-115817 (1986)
PFW-PFN-PT Y5V Ref. 21
BT-PMN-PN (MSC) X7R. X7S Toshiba U.S. Pa, 4,767,732 (1988)
PMN-PS-PNW.Ca
(Bae Meal) ZSU Maushita Refs. 22-23

It was the purpos of this paper to review the status of lead-based relaxors in the world of
multilayer capaciors and how they "'stack up" against the well established BaTiO3-based
dialecmrcs. To mist in the evaluaim a queuionn addessing the various issues associated
with MLC manufcmng fom powder processing through electrical testing and product
usage, wu POMud and ne to various capacior manufacters and unversity reseachers in
the field at delectrc. Geographically, resPondents included the U.S. (23), urope (8), and
the Far East (Japan (7), Koma (3), and China (2)) many of which are included in the
ackn.owledgements. Band udpon ie .mspons to our survey we found a tendency to praise the
attributes Of MLM even ugh their companes may not be making this product. The
result reponed a ones of a meral concens and not of an individual nature.



MULTILAYER CAPACITOR FABRICATION

Details of the processing and fabrication of muldlayer capacitors is reviewed in references 3
and 24. A generalized flow chart for the manufacturing of MLCs is presented in Fig. 2. As
shown, the process was broken down into various sections as follows: 1) powder processing;
2) multilayer fabrication; 3) danicaaon/Chaniczerization; 4) finishing; 5) electrical testing; 6)
end product analysis; and 7) applications. In each section. BaTiO3 dielectrics will be
compared to relaxor type materials used in multilayer capacitors. In addition, some results
were grouped geographically.

Powder Processing

Raw MaterialslCost

The overall cost of dielectric powders is only - 5% of the total cost of an MLC, however, it is
still deemed important in this highly competitive industry. First of all, in comparing BaTiO3
with relaxor-based dielectrics, the lower density of BaTiO3-based materials (- 6 g/cc), or
approximately 75% of relaxnes density (- 8 g/cc) results in more MLCs per unit weight of
powder. Secondly, the cost of powders depends on the purity and process by which it is
produced, for example, conventional oxide processing vs. chemical preparation techniques.
Cost also varies from individual components to a packaged dielectric formulation. In the U.S.
and Europe, the average cost of BaTiO3 based materials is - 6$Acg using conventional powder
technology. Relaxor formulations are typically somewhat more expensive, mainly due to the
cost of Nb205, one of the primary components. To date, only a few powder manufacturing
houses ofer relaxor-based dielectrics, with their costs being substantially higher (- 20 -
30$/k#). In China, the availability of Nb205 as a natural resource makes relaxor based
capacitors very inexpensive and is one of tIAhivng forces by which relaxor based MLCs
have been in place for more than 20 years. In contrast, Japanese MLC manufacturers
powder costs are upwards of 10 to 40$/kg, being slightly higher for relaxors. The higher
costs are the result of high purity and chemically prea powders which are typically used.
It is widely believed that the use of such powders ultimately improves the overall
reproducibility and yields.

Powder Handlin lToxicita

PbO-containing materials are usually regarded as highly toxic and a major environmental
issue. This is particularly true in Europe and the U.S. The well-established piezoelectric
industry, which is primarily based on PZT, has already dealt with the concerns of PbO
toxicity and its environmental issues. Most manufacturers and device users already handle
toxic materials that abound in the manufacturing process, and as such, precautions for the use
of heavy metals have already been addressed.

The toxicity of PbO in relaxors, however, remains a major concern and their use in existing
MLC manufacturing facilities requires substantial capital investment to meet air quality and
waste requirements. With prope premautions, no problems in the handling and manufacturing
of relaxor baed MLCs dielectrs have been found.

CaleintilanlRaentivit,

Many relaxor based ferroelectrics, Pb(Mgl/N )03 [PMN] for example, are difficult to
prepae in the perovskite form without the appearance of pyrochlore phase(s). The appearance
of pyrochloe has been found to be strongly related to the refractory nature of the B-site cation
oxides [MgO in PW] in relation to the other phases in the PbO-Nb2O5 binary system.
Ceramic ..oceha" that improve the reactivity of the refractory oxide(s) su]j better
mixing/nulln amd dipersability, enhac the formation of the perovskite phase. i.o

BaTiO-based materials generally require higher calcination temperatures (> II00"C)
although calcining temperatures equivalent to that of relaxors (- 700-900"C) can be
achieved for chemically and conventionally (with additives) prepared BaTiO3 dielectrics.
However, PbO saoichiometric problem as a result of volatility and reaction with saggers is of
great importance for relaxrs. In some cases, to help minimize PbO loss, more costly



spec ialized saggers, e.g., MgO are used. In addition, to help eliminate the pg ibility of
second phases such as pyrochlore, the well known coiumbite precursor method',) is often
used, resulting in an overall increase in reproducibility but with some additional costs.

To obtain the desired particle size/distribution for multdlayer fabrication, wet milling of the
calcined powders requires knowledge of the powder characteristics. The inherently softer
relaxor based powers mill to a iven particle size more efficiently than the high temperature
calcined BaTiO3 powders. In fact, it has been reported that submicron Pb-basedrovskite
powders can be produced using only conventional raw materials without milling.N) This is
an important consequence if one wishes to obtain submicron powders necessary for ultra-thin
MLCs.

Multilayer Fabrication

Thin Shet Formatian and iader Burnant

In the fabrication of MLCs. several techniqut, fabricate thin sheets are used, including tape
casting and various wet lay down processes."'R) The latter is more suited for the ultra-thin
layers down to - 10 g. Whichever technique is used, different intrinsic problems for each
dielectric chemistry exist, with no significant advantages or disadvantages found for either
system.
Subsequent to thin sheet formation virtually no differences in terms of lamination and dicing
or binder burnout between the two dielectric systems are found.

Densiflcation/Cbaracterization

SinteringIAtmnynhere Control

The firing conditions for various BaTiO3 and relaxor-based systems are outlined in Table III.
As presented, BaTiO3 dielectrics can be subdivided into three groups: (1) high fire (HF)
> 1250*C; (2) medium fie (MF) - 1100-1250*C; and (3) low fire (LF) < 1100"C, with
relaxors subdivided into two groups (1) HF > 1000"C and (2) LF < 1000'C. Naturally, these

Table I. Firing conditions for various types of BaTiO3 and relaxor-based
MLCs.

Dielectric Firing Condition Electrode

HF-BT > 1250"C (air) Pd (100%)
(reducing) Ni"

MF.BT 1100-1250"C (air) Ag:Pd (70/30 to 30/70)
(reducing) Cu, Ni

LF-BT <11000C (air) Ag:Pd (70/30)
(R&D only)

HF-Relaxor >1000"C (air) Ag:Pd (70/30)
(reducing) Cu,

LF-Relaxor <O00"6C (air) Ag:Pd (85/15), Ag (100%)
(ueducing) Cu,

*The partial pressure p02 at which Ni -> NiO occurs is such that PbO -> Pbmetal results,
hence Ni-baW elecudes are diermodynunially not fesible for relaxors.



latter systems using base metal electrodes must be fired in reducing well-controlled
atmospheres, using sophisticated and costly furnaces. In general, HF BaTiO3 capacitors can
readily be fired in air whereas systems fluxed with Bi or Pb require atmosphere control usually
accomplished with seasoned ZrO2-based fuing sands. Firing sands of similar composition to
that being sintered work well for controlling the PbO atmosphere of relaxors, but are not
practical in production.

Though certain relaxor-based formulas can be sintered at temperatures less than - 900"C in
open air, overall most relaxors require some kind of PbO atmosphere control. The PbO
stoichiometry, whether deficient or excess is probably one of the most important factors in
relation to the ultimate physical and electrical characteristics of relaxors. The control of the
PbO atmosphere is one of the biggest concerns of manufacturers. To compensate for PbO
volatility, excessive amounts of PbO are sometimes added which aids in sintering and allows
the samples to be fired in open air. However, poor overall uniformity in the distribution of
PbO throughout the samples, along with problems of PbO deposits in the kilns and
environment, typically occurs. As in the calcination step, the use of modern furnaces,
specialized setters and saggers (MgO) allow better control of PbO atmosphere and ultimately
product reproducibility.

Hctrufuwr
The importance of microstructural features on the ultimate properties of BaTiO3-based
materials has long been an issue. Problems such as exaggerated grain growth as found for
Ba:Ti ratios < 1, have been solved. Grain size variations do exist, but generally in a
controlled manner to help meet specific capacitor designations. Typically, high K (K >
10,000) YSV capacitors have grain sizes in the range of - 5-10 g. medium K (6,000-10,000)
Z5Us having grain sizes - 5 I and low K (2000-4000) X7R bodies with grain sizes in the
range of 1-3 I. Naturally, control of the grain size and distribution of such will be of
utmost importance in the manufacturing of MLCs with S 10 It layers.

As in BaTiO3-based materials, the microstructure of relaxor dielectrics is strongly related to
the compositional stoichiometry and, in particular, to the PbO stoichiometry. Compositions
deficient in PbO tend not to fully densify and form pyrochlore. Compositions with excess
PbO often result in a wide range of grain siz(jl-ZQ It) with varying amounts of free PbO in
the grain boundaries and triple points" ' Such variations in microstructure
correspondingly result in variations in the dielectric properties. If care is taken throughout the
processing of relaxors, how , . resulting microstructures can be quite uniform with grain
sizes in the range of 1-2 It. Further additives such as La. have been shown to inhibit
grain growth in PMN-I ased relaxors to less than I I, while maintaining a high dielectric
constant K > 10,00.(") The fact that fine grain (< 1 t) relaxor dielectrics can maintain very
high dielectric constants is a distinct advantage to that of BaTiO3-based ceramics and of
considerable consequence for ultra-thin MLCs.

Mechanical Strength*

Probably the one most critical factor concerning the development and implementation of
relaxor based MLCs is the fact that they are, in general, approximately 50-80% weaker than
their BaTiO3 (BT) counterpart. The mechanical strengths of various BaTiO3 and relaxor type
dielectrics can be generaly ranked as follow

HF-BT (X7R) > MF-BT (X7R) > IF-BT (ZSU) > MF-BT (Z5U) - HF Relaxor
(YSU or ZSU) > LF Relaxor (YSV or ZSU)

As evidenced by intergranular fracture the poor mechanical stength of relaxors is believed to
be associated with the relatively weak amorphous gran boundary phase found in these

*Mechanical strength comparisons are based on 3-point beading fracture test. Reported
values are in the range of 30-70 MPa. A more relevan means of comparison is made through
the toughness of materials, being proportional to the strength for a given flaw size. The
toughness of PMN-based materials are y in the range of - 0.6-1.0 MPa m1/2 as
compared to BaTiO3 (-0.8-1.5 MKa m 1~~



materials. Recent work in Japan has suggested that the mechanical strength can be markedly
improved by the substitution of the Pb*' cation with Ba. Sr, Ca, or La.

It is important to remember that the mechanical strength of an MLC is not only related to the
dielectric itself but to the integrity of the entire structure including the bonding strength
between the metal electrode and dielectric, tendency for delaminations, MJ.C design and defects
induced during other processing steps such as electrode termination and final finishing. At
present, though mechanically inferior to BaTiO3, the strength of relaxor based MLCs is
adequate for many applications. However, their weaker mechanical integrity makes it difficult
to successfully use them in surface mount technology (SMT) with current generation
assembly machines.

Electrode Interactions

As stated, electrode problems associated with BaTiO3-based MLCs, e.g., Pd --> PdO, Pd-Bi
reactions, have been addressed. In high Ag:Pd (70:30) electrodes used in all systems, the
problem of Ag migration and Ag volatility, is a concern. In relaxor-based MLCs, some of
which use pure Ag electrodes the problem of Ag migration (or dissolution), volatility and
possible reactivity with Pb needs to be investigated.

Finishing
Electrode Termination and Packagiag
Prior to electrode termination, MLCs are comer rounded to help insure good electrical contact

and for cosmetic reasons as well. Comer rounding of BaTiO3 based MLCs usually requires
somewhat longer times than for relaxors due to barium titanate's inherently higher mechanical
strengths.

The termination electrode inks developed for BaTiO3 MLCs are usually incompatible with
relaxor-based materials. Their high firing temperatures (> 800"C) tend to result in undesirable
chemical reactions between Pb and the glass frits used in the inks. Termination electrodes
compatible with Pb-based materials are required and work in this area is presently underway.
Problems associated with lead attachments in relaxor based MLCs may also be related to
termination electrode incompatibility and the poor mechanical strength of these materials. For
the most par, plating techniques for electrode termination can be made to work adequately for
both types of dielectrics, although PbO-based systems require more stringent requirements as
was found in the PZT industry.

Electrical Testing

The ILC is a major cause of ciuit failures in modern electronic systems and devices. Thus,
the testng of MLCs is one of the most important parts of the manufacturing process.

CanacitaneeLos

Determination of the room temperature capacitance value and loss at I KHz is performed
automatically on every MLC mtufactured: a few manufacturers 100% test for insulation
resistance (IR). The tempmtu coefficient of .capditace (TCC) and appropriate EIA
designation (ZSU. X7R, wt,.) is done on a sampling basi. To compare and contrast relaxor
and B&'riO3 dielectrics in vam of capacitance, one actually needs to compare their capacince
volumetric efficiency. For simplicity, the dielectric constants available in these materials will
be used for compason rsuming similar active layer thicknesses can be achieved. Furher,
comparso of the two dielectrics will be baued on specific .IA designations as given in Table
IV. Except for XRs, relaer-based dieletrics have higher dielectric constants for a given
TCC designatiom. Da for YS0 systems is shown in Fig. 3. To meet X7R specifications
for a dielectric having only a single, yet broad, dielectric transition is expectedly difficult and
as such, relatively few X7R relaxr-based compositions have been developed. Examples
given in Table II are generally bued on antiferroelectri" e.g., PLZT and Pb(Mgl/2Wl4)O3
[PMWI. In addition, relaxor dielectrics comprised of incompletely reacted phases or mixed
sintered ceramics (MSC) have been developed. Such processes are somewhat related to the

I



chemically inhomogeneous "grain core shell structures"asociated with many BaTiO3
dielectrics developed to meet X7R temperature reqrements.

The dielectric loss (dissipation factor) of relaxors below Tc are found to be generally higher
than that in normal ferroelectics (see Fig. 1). However, most relaxor-based dielectrics are
compositionally adjusted such that the Tc is well below room temperature, hence resulting in
very low room temperature loss values. For example, loss values < 0.5% for high K -Y5V
materials can be achieved. This is of considerable consequence for dielectric layers less than
10 t. At this thickness and at the measurement standard of I Vrms @ 1 KHz. the loss of
BaTiO3-based MLCs may become unacceptably high.

The degree of aging in relaxors varies depending on composition and associated Tc. As with
dielectric loss, room temperature aging can be reduced by shifting the T9 downward so as to be
more in the paraelectric region. Typical aging rates for various BaTiO3 and reiaxor-based
dielectrics are reported in Table IV. As presented, the determined aging rates are quite similar,
however, dielectric aging in relaxors is strongly dependent on the composition and
stoichiom , particularly with excess PbO, acceptor dopants and the overall defect
structure.'-) In other words the aging rate is very process dependent, and aging rates >
10%/dec have been observed.

Table IV. Electrical Characteristics of BaTIO 3 aud Relaxor-Based Dielectrics
for Multilayer Capacitors

K
OEIA (251C. 1 Vnns RC @ 125"C BDV Aging

Designation Material @ I kHz) Loss (F) v/g (%/Decae)

YSV BaTiO3  8.000-15,000 <4% - 1.000 - 20-30 <5
Relaxor > 20,000 0.5-2% - 5.000 - 15-30 1-3

Z5U BaTiO 3  5,000-10,000 <3% - 1.000 - 25-35 2.0-5.0
YSU Relaxor 10.000-20.000 0.5-2% - 5,000 - 20-35 0.5-2.0
X7R BaTiO3  2,000-3.500 <1.5% - - 30-40 0.5-2.5

Relaxor 2.000-4.000 <1.5% - - 25-35 1-3

Y5 0. R. S. T Relaxor 3.000-7,000

•EIA Characteristics:

Temperature: Low: Z. Y. X (+10, -30, -55'C)
High: 5, 7, (.85. 125"C)

Max. Cap. %: t. S. T. U. V. (±15%, ±22%. (+22, -33%). ( 22, -56%).
Change (+22, -82%)

The aging behavior of relaxors is also of Iuticuar concern. In relaxors, the anticip eog-
linear relationship, observed for normal BaTiO3 type ferroelectrics may not hold. .Y,,U) It
has been reported that in the early stage, aging can occur at an anomalously fast rate
(- 10%/dec) before leveling out to - -3/dec after the initial 1000 minutes to what appears to
be a linear regioi. Since most capair manufacturem determine aging rates between 10 to
1000 hrs much of the vital aging information in relaxors could be overooked. Examples of
ths can be found in relazo compositions reported to have their TCCs improved by the
addition of various dopants, e.g., MnO2, which give ie to a large depmsion or saddleinthe
capacimance inmmem behavior due to competing aging and TCC effects.
E.Field DeMEMdIAeV

For a given K, relaxors have sjg ] gller E-field (a.x. or d.c.) dependency as compared
to BaTiO .bsed dielectrics ','I, '.,h,' Tas shown in Fig. 4. This lower sensitivity to E-
field in = feuoelectris is related to the level of bias required to overcome the energy (kT)



of thermally fluctuating microdomains which contribute to the dielectric polarizability.( 6)

Naturally, improved E-field dependency is desirable for MLCs comprised of ultra-thin layers.

Brnkdown Strenuth (RDS)

In general, the breakdown strength of polycrystalline dielectrics is approximately inversely
proportional to the level of K. As expected. and reported in Table IV, the (BDS) of relaxors is
somewhat lower than that for BaTiO3-based capacitors, however, the values are within
acceptable limits. It is important to remember that the BDS is strongly related to various
defects, and overall uniformity of the MLC.

[Ifulatilna Rai iIame (RC redfet)

The broad spectrum of compositional types of dielectrics for both relaxor and BaTiO3 MLCs
makes it difficult to contrast their respective RC products. For the most part, RC products for
relaxors are greater than that for BaTiO3 dielectrics, and less sensitive to temperature as shown
in Fig. 5. However, relaxor-based dielectrics comprised of cations with multiple valence
states such as in Pb(Fe/Nbl/2)03 and Pb(Fe.3W1I/3)03 tend to have lower values. As
with many of the dielecmc properties. values of RC are also related to processing, e.g., low
values are observed when excessive amounts of PbO are present.

feradationlLife Testing

Overall, it is difficult to state whether relaxors show less degradation than BaTiO3 dielectrics,
since the reliability of an MIC may depend on many variables including impurities, porosity,
internal electrode material, MLC design, structural defects, etc. Poor degradation and/or life
test failures tends to correlate well in relaxer based NLCs that exhibit low RC values, as
stated above. However, relaxor MLCs that exhibit satisfactory degradation and life testing in
dry atmosphere may not in wet/humid conditions. This behavior is believed to be the result
of electrolytic Ag migRW n along microcracks, a problem related to relaxors inherent
mechanical weaknesses') For the most part, research in the basic origin and understanding
of degradation in relaxors has yet to be performed.

End Product

The overall yield for any MLC is related to many variables, including the technical level.
experience, and process controls in manufacturing, As such, BaTiO3-based dielectrics have a
distinct advantage. Present yields for BaTio3 MLCs are in the range of 80 to 95% whereas
relaxors are: 80%.

As with yields, there are many factors that affect the overall cost of an MLC. One of the
biggest driving forces w tuse relaxor based materials are their large K, low firing temperatures
and compatibility with less expensive Ag:.Pd electrodes. Based on the same manufacturing,
our respondents stated that the overall cost of a relaxor capacitor is somewhere between 20 to
50% lower than that of high firing BaTiO3, of similar capacitance. BaTiO3 MLCs with base
metal electrodes. however, ae reported to be less expensive than relaxor MLCs. The
possibility that base metals may be used with relaxors also exists, as stated earlier.

FiaurL. oMr
In order to rautely contrast MLCs, a "figure or merit," which relates the amount of
coulolbymsad/or coulombaA for capacitors is needed.

A qualitative figure of merit which encompasses many of the imporntet parameters of an
MLC and associated fabrication process was formulated by Yamashita) given as:



K x BDS x RC @ 125"C
TCC x G.S. x Sintering Temperature

From this expression. the desirable qualities of an MLC are clearly expressed. MLCs with
high K. BDS and RC product at 125*C infer high capacitance volumetric efficiency, low loss
and less susceptibilty to degradation. In addition, it hq.4een reported that there is a good
correlation between BDS and mechanical strength. 3  A low TCC not only implies
temperature stability of capacitance, but connotes stability against E-field and frequency.
Possessing a small grain size (G.S.) implies good mechanical strength and uniformity as well
as the possibility of utilization in ultra-thin layers. A low sintering temperature obviously
implies overall lower costs. This figure of merit was a first attempt and can be further
improved based on the specific needs and requirements of various device applications, whereby
certain parameters in the expression may be weighted in terms of their importance.

Based on this expression and the results presented thus far, relaxor based MLCs (Y5V and
ZU) possess the higher figure of merit with normalized values* in the range of 200-1000
being nearly an order of magnitude more than BaTiO3 counterparts. This result is contrary to
the fact that only a few companies now manufacture relaxor based MLCs and may suggest that
a different figure of merit is used in the market place.

Applications

MilitarvlCommireial

Applications for MLCs are usually classed into two groups 1) military and 2) commercial,
with the former having much more stringent voltage ratings, temperature stability, and
reliability requirements. MLCs most commonly used in military applications are the highly
reliable BaTiO3-based X7Rs, a class present-day relaxors have yet to invade. Commercially,
most capacitors are used in computer and telecommunications type applications, where cost
and capacitance volume efficiency are the most important issues and as such relaxor-based
MLCs may have an advantage, although problems still exist for use in SMT. In addition, for
unconventional applications, such as in multicomponent packaging, the low firing
temperature, and chemical compatibility of relaxors with existing subsaras allows
them to be co-fired and thus incorporated into these hybrid structuresY4 0 ) Relaxor
ferroelectric materials are o being gjiely investigated and used for a variety of piezoelectric
sensors and electrostricuve actuators.')

Onerational Parameters

Important operational parameters for MI.Cs are their voltage capabilities and frequency of
operation. Below I MHz, both BaTiO3 and relaxor-based MLCs show similar performance
and for dielectrics with Ks above 2000, they both have problems in high loss at higher
frequencies. Frequency limitations are not an issue in applications such as bypass and bulk
decoupling. The voltage capability of an MLC is sutongly related to the K. loss and BDS of
the material. As such the voltage rating for relaxer MLCs is generally somewhat lower than
BaTiO3-bmed MLCs.

Based on overall performance, mlaxors may never replace the high reliable, BaTiO3-based X7R
MLCs. Application utilizing the low fire X7R bodies, may be replaced by relaxor Y7S
bodies (K - 3000-65M00) which have considerable advantages in terms of cost and capacitance
volume efficiency. The main target of relaxors in today's market are the low cost. Z5U and
YSV type markets. In Japan, it is believed that much of this market will be substituted by
relaxors within the next 10 years although this time frame will probably be longer in the U.S.
and EuropL

The figure of merit expression was normalized in terms of K/1000, BDS (v/m), RC @
125*C (1000/i), TCC (max % ACC), G.S. (j~Am), and sintering temperature (T/000).



SUMMARY

The complexities involved in the fabrication of MLCs makes it difficult to accurately compare
families of dielectrics. Given this, to the best of our knowledge, the comparison between
relaxor and BaTiO3-based dielectric materials, as reported by our respondents can be
summarized as folows:

1) In general. relaxors exhibit a higher K., lower loss, less E-field dependency and higher
RC @ 125"C as compared to their BaTiO3-based counterparts.

2) In terms of manufacturing, the cost of the raw materials used for relaxors is
somewhat more than that for BaTiO3 dielectrics, but low cost electrodes, can result
in overall reduced costs. BaTiO3-based MLCs which utilize low cost base metal
electrodes, however, are reported to be less costly to manufacture.

3) The many disadvantages associated with the manufacturing of relaxor MLCs,
including PbO toxicity/handling. atmosphere control, reactivity (pyrochlore
formation), electrode interaction, etc., are historical in nature, and may be overcome
with time, many have already been addressed.

4) Probably the biggest disadvantage Of relaxor.based dielectrics are their mechanicalstrength and toughness being - 50 vo 80% of that for BaTiO3, which may limit their

usage in SMT and military applications.

5) Certain capacitor type designations, e.g., X7R. are difficult to achieve with relaxor
formulaions, thus, requiring manufacturers to process contrasting materials. Also,
the most adequate TCC designations for relaxors are Y7 C and Y5 CJ (l0l a
RSTUV), wheres the two most commonly accepted today am X7R and Z5U.

6) In the ultimate fabrication of MLCs with dielectric layers < 10 It, relaxors look most
promising. Their relative ease of powder reduction to submicron size without
utilizing nonconventional powder processing, small G.S., high K. low E-field
dependency of K and loss, make them very attractive. In fact, relaxor-based MLCs
with an active dielectric thickness of only 6 gt w twice the volume efficiency of
tantalum electrolytic capacitors has been reported."

7) Ultimately, the lowest cost for a reliable component will be the figure of merit that

decides whether relaxoss will be substituted for BaTiO3 in any application.
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LIST OF FIGURES
Figure 1. Typical dielectric behavior for a relaxor ferroelectric (0.93 PMN-0.07 PT) at I

kHz. 10 kHz, and 100 kHz, a normal ferroelecutic (BaTiO3) at 1 kHz, and a
BaiO3-YSV capacitor.

Figure 2. Flow chart for the production of multilayer capacitors.
Figure 3. Temperature capacitance change vs the dielectric constant of representative

relaxors and BaTiO3 based dielectrics.
Figure 4. R x C product vs temperature for relaxor and BaTiO3-based MILCs.( 8)
Figure 5. Percent capacitance changl la function of DC bias (E-field) for contrasting

relaxor and BaTiO3 MLCs. ')
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